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COMMISSIONER FOR PATENTS 
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ALEXANDRIA, VA 22313-1450 
SIR: 

This is an appeal of Claims 1, 4-8, and 1 1-16 in the above-identified application and 
the rejections set forth in the final Official Action mailed October 5, 2007. 

I. Real Party of Interest 

The real party of interest is Institut National De La Recherche Agronomique (INRA), 
by virtue of the assignment recorded in the U.S. Patent and Trademark Office on November 
5, 2002, at reel 013460, frames 0736-0739. 

II. Related Appeals and Interferences 

Appellants, Appellants' legal representative and their assignee are not aware of any 
appeals or interferences which will directly affect or be directly affected by or having a 
bearing on the Board's decision in this appeal. 
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III. Status of Claims 

Claims 1, 4-8, and 1 1-16 are the only claims pending in the above-identified 
application and appear in the attached Claims Appendix. All other claims, whether original 
or added during prosecution, were canceled during prosecution of this application. 

Claims 1, 4-8, and 11-16 stand rejected. 

Claims 1, 4-8, and 1 1-16 are appealed herein. 

IV. Status of Amendments filed under 37 C.F.R. §1.116 

An Amendment under 37 C.F.R. §1.116 was not filed. Appellants now appeal the 
rejections set forth in the final Office Action mailed October 5, 2007. 

V. Summary of the Claimed Subject Matter 

As recited in independent Claim 40, the present invention provides an isolated nucleic 
acid sequence obtained by mutation of a sequence encoding a plant protein of the GRAS 
family, the wild-type form of which comprises the following peptide sequence (SEQ ID 
NO:5): 

Gly Tyr X, Val Glu Glu 
in which Xi represents arginine or asparagine, wherein said mutation results in a 
modification of said sequence (I, SEQ ID NO:5) such that the nucleic acid sequence encodes 
a mutant protein comprising the following peptide sequence (SEQ ID NO: 7): 

Gly Tyr X! Val Glu X 2 
in which Xi is as defined above, and X 2 represents a basic amino acid, and 
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wherein a plant transformed with said isolated nucleic acid, which expresses said 
mutant protein exhibits a reduction in plant size as compared to the wild-type plant (see the 
specification at page 3, line 30 to page 5, line 25, see in particular page 4, lines 31 to page 5, 
line 9, and page 6, line 26 to page 7, line 19). 

The present invention also provides plants with reduced development, mutant plants 
with reduced development, and descendent plants thereof, which contain one or more copies 
of a nucleic acid sequence defined above (see the specification at page 5, line 34 to page 7, 
line 19). 

VI. Grounds of Rejection to be Reviewed on Appeal 

1. Claims 1,4-8, and 11-16 stand rejected under 35 U.S.C. §112, first paragraph 
(enablement). 

2. Claims 5-8, 1 1, and 13-16 stand rejected under 35 U.S.C. §102(b) over Foisset 
et al 1 taken with the evidence of Barret et al 2 . 



1 Foisset et al, Theor. Appl. Genet., 91(5): 756-761 (1995). 

2 Barret et al, Theor. Appl Genet, 97: 828-833 (1998). 
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VII. Arguments 

(A) Claims 1, 4-8, and 11-16 stand rejected under 35 U.S.C. §112, first paragraph, as 

lacking enablement. This rejection is untenable and should not be sustained. 

The Examiner appears to recognize that the specification is enabling for a mutant 
plant in the family Brassicaceae, obtained by chemical mutagenesis, and comprising a mutant 
gene encoding a protein comprising the amino acid sequence SEQ ID NO: 7. However, the 
Examiner alleges that the specification fails to enable an isolated mutant gene encoding a 
protein comprising the amino acid sequence GYXi VEX 2 , wherein Xi is R or N and X 2 is a 
basic amino acid, wherein the sequence is SEQ ID NO: 7 or 4, or for transgenic plants 
transformed with said gene. 

Appellants respectfully disagree with the Examiner's allegations with respect to a 
purported lack of enablement. To this end, Appellants submit that the information provided 
by the specification combined with the prior art knowledge is sufficient to allow one of skill 
in the art to produce and isolate the mutant sequence. 

In the specification, it is disclosed that the mutant gene is derived from a sequence 
encoding a protein of the RGA/GAI subgroup of the GRAS family, that the wild-type protein 
must comprise the sequence GYRVEE or GYNVEE, and that the claimed mutation results in 
the substitution of the C-terminal "E" of this sequence with R or K. The specification further 
provides the full-length sequences of wild-type and mutant cDNAs and proteins. 

Appellants submit that the GRAS family is a well known family of proteins and that 
members of this family would be readily apparent to the skilled artisan. Appellants submit 
that the "GRAS family" (also known as the VHIID family) was already known at the time of 
the present invention. Further, this family is characterized by several conserved motifs. To 
demonstrate the state of the art that existed at the time of the present invention Appellants 
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refer to two references discussed on pages 2-3 of the present application as they relate to the 
description of the GRAS family. These references are: 

1) Pvsh et al , The Plant Journal (1999) 18(1), 11 1-1 19; and 

2) Schumacher et ah Proc. Natl Adad Sci. USA (1999) 96, 290-295. 

From the foregoing, Appellants submit that at the time of the present invention, the 
GRAS family and the RGA/GAI subfamily (DELLA family) were known in the art. 
Moreover, conserved sequence motifs allowing the recognition of whether a protein belongs 
to the GRAS family, and more specifically to the RGA/GAI subfamily were clearly defined. 
To further support this position, attention is directed to the publication of Peng et al. (1999) 
(cited by the Examiner in the Office Action mailed May 8, 2006) and the publication of 
Silverstone et al. (1998) (Annex 1 to the response filed on November 8, 2006). Thus, it 
would have been only a matter of routine experimentation to query the sequence databases 
with the full-length sequences disclosed in the present specification, to identify those 
corresponding to proteins of the RGA/GAI subfamily having a GYRVEE or GYNVEE 
sequence, and to isolate the corresponding gene. 

Alternatively, one of skill in the art would also have been able to design, from the 
highly conserved sequences within the RGA/GAI subfamily and from the sequence 
information provided by the present specification, appropriate probes and/or primers allowing 
isolation of a cDNA encoding a protein belonging to the RGA/GAI subfamily and 
comprising the sequence GYRVEE or GYNVEE from a cDNA library of a plant without 
undue experimentation. Once the wild-type cDNA is isolated, it is also only a matter of 
routine experimentation to perform directed mutagenesis in order to replace the codon for "E" 
with a codon for "R" or "K". 
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Further, once the mutant sequence is obtained, inserting it in an appropriate construct 
and performing plant transformation is also well within the ordinary skill in the art. The 
Examiner's comments referring to the unpredictable results which are obtained when 
transforming plants with genes that are involved in plant development are not relevant, since 
they refer to a state of the art concerning genes that do not encode proteins of the RGA/GAI 
family, and that are not even related to the GRAS family. REB is a basic leucine-zipper 
(bZIP) transcription factor, OSH1 is an homeobox transcription factor, and CBFs belong to 
the AP2/EREBP family. 

The present invention concerns a mutant transcription factor of the RGA/GAI family. 
Thus, the prior art to be considered should relate to transgenic plants expressing mutant 
transcription factors of the RGA/GAI family. Peng et al. (1999) disclose several mutants of 
RGA/GAI transcription factors that are semi-dominant mutations that confer a dwarf, 
giberellin-resistant phenotype. Although these mutants do not involve the same part of the 
protein, these mutations disclosed by Peng et al. are functionally similar to the mutation 
disclosed in the present application, i.e. they are semi-dominant mutations that confer a 
dwarf, giberellin-resistant phenotype. Peng et al. further disclose (see page 261 "Rice 
transformants", and Figure 4) the production of transgenic rice expressing a mutant gene of 
Arabidopsis, under control of the ubiquitin maize promoter (which is a well-known 
constitutive and ubiquitous promoter). All the plants containing the transgene have a dwarf 
giberellin-resistant phenotype. 

It clearly appears from the prior art that transformation of plants by a gene encoding a 
mutant results in transgenic plants having the desired phenotype, without having to chose a 
promoter providing a specific pattern of expression, and without performing screening steps 
other than the classical detection of the transgene. Thus, there is no reason to presume that 
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replacing the RGA/GAI mutant gene of Peng et al. by the RGA/GAI mutant gene of the 
invention will not result in the production, in the same way, transgenic plants having the 
desired phenotype. 

Therefore, in view of the information provided by the specification combined with the 
prior art knowledge one of skill in the art would have been able to practice the claimed 
invention without undue experimentation. 

Accordingly, it is respectfully requested that this rejection be REVERSED. 

(B) Claims 5-8, 11, and 13-16 stand rejected under 35 U.S.C. § 102(b) as being anticipated 
by Foisset et al taken with the evidence of Barret et al . This rejection is untenable and 
should not be sustained. 

The Examiner alleges that Foisset et al anticipate the present invention because this 
publication is cited in the specification as reporting the existence of a plant having the bzh 
gene that is responsible for the mutant phenotype. However, the Examiner has not explained 
how Foisset et al provide an enabling disclosure of this mutant plant, i.e. a disclosure that 
combined with knowledge in the prior art, would allow one of ordinary skill in the art to grow 
and cultivate the plant (MPEP 2121.03). 

Actually, Foisset et al disclose that the mutation results from with EMS. Following 
this teaching, one of skill in the art is able to perform chemical mutagenesis of seeds, to grow 
all the plants from the mutagenized seeds and to select the plants that have a reduced 
development. He is likely to obtain many plants having a reduced development, since, as 
already explained in the response to the previous Office Actions, many genes have been 
identified as involved in dwarfism (and probably, many genes not yet identified are also 
involved). The Examiner is reminded that EMS mutagenesis is non-discriminatory. EMS 
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mutagenesis primarily induces G-> A substitutions. Therefore, the only suggestion that the 
skilled artisan would take from Foisset et al is that the bzh mutation is likely a G->A 
substitution. However, the size of the rapeseed genome is about 1200 x 10 6 bp. If one 
considers a G/C content of approximately 50%, there would be about 600 x 10 6 possible 
G->A substitutions genome-wide. Clearly, the disclosure of Foisset et al would not place the 
skilled artisan in of the specific bzh mutant plant of the present invention; much less provide 
information on the gene involved in the bzh mutation or the position of the mutation within 
this gene. 

Barret et al further disclose that the bzh mutation is semi-dominant. In order to 
determine if one or more of the EMS mutants selected on the basis of their reduced 
development has a semi-dominant mutation, the skilled artisan would have to study the 
progeny of each of these mutants by performing appropriate crosses to obtain homozygous 
and heterozygous plants for each of the mutation in order to compare them. If the mutation is 
semi-dominant the homozygous plants should be dwarf, while the heterozygous plants should 
be semi-dwarf. This will involve clearly a great amount of experimentation, in particular in 
view of the fact that it may be difficult to distinguish the homozygous dwarf plants from the 
heterozygous semi-dwarf ones, due to the influence of both the genetic background and the 
environment on the expression of this character, as indicated by Barret et al (page 828, 2"d 
column 1st paragraph). 

Further, even if one succeeds at identifying plants having a semi-dominant mutation, 
he will still not be able to determine whether or not there is among them a plant with the bzh 
mutation, since he will have no means to detect this particular mutation and thus to 
differentiate it from other mutants having a similar phenotype. Thus, he will not be in 
possession of the bzh mutant plant reported by Foisset et al . 
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In the Office Action mailed October 5, 2007, the Examiner merely contends that the 
pending claims "are drawn to plants comprising the mutant nucleic acid sequence of claim 1, 
which read on the plants of Foisset et al". Citing Atlas Powder Co. v. Ireco Inc., 190 F.3d 
1342, 1347, 51 USPQ2d 1943, 1947 (Fed. Cir. 1999), the Examiner further alleges that "the 
claiming of a new use, new function or unknown property which is inherently present in the 
prior art does not necessarily make the claim patentable." 

Appellants disagree with the Examiner's unsupported conclusion of inherency. 
Indeed, "[t]he fact that a certain result or characteristic may occur or be present in the prior 
art is not sufficient to establish the inherency of that result or characteristic. In re Rijckaert, 9 
F.3d 1531, 1534,28 USPQ2d 1955, 1957 (Fed. Cir. 1993); In re Oelrich, 666 F.2d 578, 581- 
82, 212 USPQ 323, 326 (CCPA 1981). "In relying upon the theory of inherency, the 
examiner must provide a basis in fact and/or technical reasoning to reasonably support the 
determination that the allegedly inherent characteristic necessarily flows from the teachings 
of the applied prior art." Ex parte Levy, 17 USPQ2d 1461, 1464 (Bd. Pat. App. & Inter. 1990) 
In this case, the Examiner has clearly failed to meet this burden. 

Further, as discussed above, EMS mutagenesis is non-discriminatory. EMS 
mutagenesis primarily induces G-> A substitutions. Therefore, the only suggestion that the 
skilled artisan would take from Foisset et al is that the bzh mutation is likely a G-> A 
substitution. However, the size of the rapeseed genome is about 1200 x 10 6 bp. If one 
considers a G/C content of approximately 50%, there would be about 600 x 10 6 possible 
G->A substitutions genome-wide. Again, the disclosure of Foisset et al would not place the 
skilled artisan in of the specific bzh mutant plant of the present invention, much less provide 
information on the gene involved in the bzh mutation or the position of the mutation within 
this gene. Put simply, the skilled artisan would have no means to determine whether or not 
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one of the plants selected after EMS mutagenesis has the same bzh mutation as in the 
presently claimed invention. 

Accordingly, it is respectfully requested that this rejection be REVERSED. 



VIII. CONCLUSION 

For the above reasons, Claims 1, 4-8, and 11-16 are not unpatentable as lacking 

enablement or as being anticipated by Foisset et al taken with the evidence of Barret et al . 

Therefore, the Examiner's rejections should be REVERSED. 

Respectfully submitted, 

OBLON, SPIVAK, McCLELLAND, 
MAIER & NEUSTADT, P.C. 
Norman F. Obion 




Vincent K. Shier, Ph.D. 
Registration No. 50,552 

Customer Number 

22850 

Tel: (703)413-3000 
Fax: (703)413-2220 

Attachments: Claims Appendix: Pending Claims in U.S. Application Serial No. 10/030,194 
Evidence Appendix 
Related Proceedings Appendix 
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CLAIMS APPENDIX 
Pending Claims in U.S. Application Serial No. 10/030,194 

1 . An isolated nucleic acid sequence obtained by mutation of a sequence encoding a 
plant protein of the GRAS family, the wild-type form of which comprises the following 
peptide sequence (SEQ ID NO:5): 

Gly Tyr Xi Val Glu Glu 
in which Xi represents arginine or asparagine, wherein said mutation results in a 
modification of said sequence (I, SEQ ID NO: 5) such that the nucleic acid sequence encodes 
a mutant protein comprising the following peptide sequence (SEQ ID NO: 7): 

Gly TyrXi Val Glu X 2 
in which Xi is as defined above, and X 2 represents a basic amino acid, and 

wherein a plant transformed with said isolated nucleic acid, which expresses said 
mutant protein exhibits a reduction in plant size as compared to the wild-type plant. 

2. -3. (Canceled) 

4. The nucleic acid sequence as claimed in claim 1, wherein it encodes the 
polypeptide represented by SEQ ID NO: 4. 

5. A plant with reduced development, comprising one or more copies of a nucleic acid 
sequence as claimed in claim 1 . 

6. The plant as claimed in claim 5, wherein it is crucifer. 
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7. The plant as claimed in claim 5, wherein it is a member of the family Brassicaceae. 

8. The plant as claimed in claim 7, chosen from rapeseed, cabbage, turnip, brown 
mustard and Ethiopian mustard. 

9. -10. (Canceled) 

1 1. A plant with reduced development, comprising one or more copies of a nucleic 
acid sequence as claimed in claim 4. 

12. The nucleic acid sequence as claimed in claim 1, wherein X 2 is a lysine. 

13. A plant with reduced development, comprising one or more copies of a nucleic 
acid sequence as claimed in claim 12. 

14. A mutant plant with reduced development, wherein said mutant plant is obtained 
by chemical mutagenesis and comprises one or more copies of a nucleic acid sequence of 
claim 1. 

15. The mutant plant of claim 14, wherein said mutant plant is a rapeseed plant. 

16. (A descendant of the mutant plant of claim 14, comprising one or more copies of 
said nucleic acid sequence. 
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EVIDENCE APPENDIX 

1. Pvsh et al . The Plant Journal (1999) 18(1), 11 1-1 19; and 

2. Schumacher et al . Proc. Natl. Adad. Sci. USA (1999) 96, 290-295. 

3. Peng et al., Nature, 400:256-261 (1999) (cited by the Examiner in the Office Action 
mailed July 29, 2005), 

4. Silverstone et al., The Plant Cell, 10: 155-169 (1998) (submitted as Annex 1 to the 
response filed on November 8, 2006) 
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SHORT COMMUNICATION 

The GRAS gene family in Arabidopsis: sequence 
characterization and basic expression analysis of the 
SCARECROW-LIKE genes 



Leonard D. Pysh 1t , Joanna W. Wysocka-Diller 1 , 
Christine Camilleri 2 , David Bouchez 2 and 
Philip N. Benfey 1 -* 

1 New York University Department of Biology, 

1009 Main Building, Washington Sq. East, New York, 

NY 10003-6688, USA, and 

2 Laboratoire de Bio log ie Ceflulaire INRA, 78026 Versailles 
Cedex, France 



Summary 

Mutations at the SCARECROW {SCR) locus in Arabidopsis 
thaliana result in defective radial patterning in the root 
and shoot. The SCR gene product contains sequences 
which suggest that it is a transcription factor. A number 
of Arabidopsis Expressed Sequence Tags (ESTs) have been 
identified that encode gene products bearing remarkable 
similarity to SCR throughout their carboxyl-termini, indi- 
cating that SCR is the prototype of a novel gene family. 
These ESTs have been designated SCARECROW-LIKE 
iSCL). The gene products of the GIBBERELLIN-INSENSIT- 
IVE (GAf) and the REPRESSOR of gal-3 (RGA) loci show 
high structural and sequence similarity to SCR and the 
SCLs. Sequence analysis of the products of the GRAS 
(GAI, RGA, SCR) gene family indicates that they share a 
variable amino-terminus and a highly conserved carboxyl- 
terminus that contains five recognizable motifs. The SCLs 
have distinct patterns of expression, but all of those 
analyzed show expression in the root. One of them, SCL3, 
has a tissue-specific pattern of expression in the root 
similar to SCR. The importance of the GRAS gene family 
in plant biology has been established by the functional 
analyses of SCR. GAI and RGA. 

Introduction 

Identification of gene families is an important first step in 
elucidating the common molecular mechanisms by which 
members of the family function and in establishing the 

Received 18 November 1998; revised 8 February 1999; accepted 
9 February 1999. 

•For correspondence (fax + 1 212 995 4204; e-maif phitip.benfey@nyu.edu). 
'Current address: Roanoke College Department of Biology, 
221 College Lane, Salem, VA 24153. USA. 



biochemical structures and interactions responsible for 
their activities. Sequence information is routinely used to 
identify specific functional domains. Sequence compar- 
isons can also identify residues potentially vital for the 
function of the gene products, based on their absolute 
conservation in all members of the family. The effects of 
mutations at these sites may then be determined through 
reverse genetics. 

We report the molecular analysis of a novel plant gene 
family in Arabidopsis thaliana. The first member of this 
family, SCARECROW (SCR), was isolated as the result of a 
screen for mutations that affect root development (Benfey 
et ai, 1993). Mutations at the SCR locus disrupt radial 
patterning of the root, resulting in the loss of a layer of 
ground tissue (Scheres etal, 1995). The predicted SCR 
gene product contains a number of putative domains which 
strongly suggest that SCR functions as a transcription 
factor (Di Laurenzio etal.. 1996}. A comparison of the 
predicted SCR sequence with sequences present in the 
databases revealed that several Arabidopsis Expressed 
Sequence Tags (ESTs) encode gene products with homo- 
logy to a region termed the VHIID domain (Di Laurenzio 
et ai, 1996). Subsequently, we have derived the full-length 
sequences of these and other ESTs and discovered that 
their putative gene products show significant sequence 
similarity to SCR and to each other throughout their carb- 
oxyl (C)-termini. This highly conserved region does not 
show significant similarity to members of any recognized 
gene family, indicating that these sequences define a novel 
gene family whose members we have called SCARECROW- 
LIKE (SCL). Recently, the importance of this family has 
been confirmed through the molecular analysis of two 
components of the gibberellin (GA) signal transduction 
pathway. The gene products of the GIBBERELLIN-ACID 
INSENSITIVE (GAI) and the REPRESSOR of GAI (RGA) loci, 
have been shown to be members of this family (Peng et ai, 
1997; Silverstone et ai, 1998). For the family as a whole, 
we will use the acronym GRAS, based on the locus designa- 
tions of these three genes (GAI, RGA, SCR). 

At present the GRAS family includes 19 members in 
Arabidopsis. Here, we report the deduced amino acid 
sequences of the SCL gene products that we have 
sequenced, in addition to the expression of these 
sequences in Arabidopsis. Intriguingly, the majority of the 
SCL genes are expressed predominantly in the root, and 
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one of these {SCL3) has a tissue-specific expression pattern 
in the root that is similar to that of SCR. The fact that the 
SCR, GAI and RGA gene products have diverse roles in 
fundamental processes in plant biology (SCR in pattern 
formation and GAIfRGA in signal transduction) suggests 
that other members of this family may also play important 
roles in the physiology and development of higher plants. 

Results and Discussion 

Identification of the SCLs 

Three Arabidopsis ESTs whose predicted gene products 
bear striking similarity to SCR in a region termed the VHIID 
domain (Di Laurenzio et al., 1996) were sequenced in their 
entirety. Comparisons of these sequences {now designated 
SCL1, SCL3 and SCL5) with SCR indicated that the similarity 
among the predicted gene products extended beyond the 
VHIID domain, in both the N- and C-terminal directions. 
Additional Arabidopsis ESTs were identified on the basis 
of their similarity to these highly conserved sequences 
(Table 1), and several were sequenced in their entirety 
(SCL6, SCL7, SCt 8, SCL9, SCL 11, SCL13 and SCL14). 

Database searches have also identified eight genomic 
sequences that potentially belong to this family (Table 1). 
Six of these are represented in the EST database, of which 
three (SCL6, SCL9 and SCL 13) correspond to ESTs that we 
have sequenced- Another three [SCL4, SCL 15 and SCL19) 
are represented by ESTs that were not initially identified 
as members based on the partial sequence available. Two 
of the genomic sequences {SCL 16 and SCL18) are not 
represented by ESTs and must be considered tentative 
members of the family. Unlike SCR (which contains a single 
intron), the genomic sequences for SCL4, SCL6, SCL9 and 
SCL15 all appear to contain a single open-reading frame 
encompassing all of the motifs present within the GRAS 
family. 

The sequences for SCR, GAI and RGA have been 
reported previously (Di Laurenzio eta/., 1996; Peng et ai., 
1997; Silverstone ef al, 1998). The deduced amino acid 
sequences for the SCL 13 and SCL15 gene products have 
also been previously reported, as VHIID HOMOLOGOUS 
SEQUENCE4 (VHS4) and 5 (VHS5), respectively 
(Silverstone et ai, 1998). One additional member of this 
family has been deposited in the GenEMBL database 
and designated RGAL. 

Definition of the GRAS family 

The GRAS gene products share significant similarity 
throughout their C-termini, beginning at approximately 110 
amino acid residues N-terminal of the highly conserved 
VHIID sequence and continuing throughout the C-terminal 
portion of the predicted products (Figure 1). This extensive 



sequence similarity can be subdivided into five distinct 
sequence motifs, found in the following order: leucine 
heptad repeat I (LHR I); the VHIID motif; leucine heptad 
repeat II (LHR II); the PFYRE motif; and the SAW motif 
(Figure 1). 

The Leucine Heptad Repeats. The leucine heptad repeats 
(LHR I and LHR II) are unusual in structure. LHR I appears 
to consist of two repeat units (A and B in Figure 1b) that 
are separated by a spacer that often contains a proline 
residue, known to disrupt alpha-helical structures. The two 
units within LHR I are not in phase with each other. LHR 
IA is similar to LHRs found in other proteins, consisting of 
between three to five regular heptads. LHR IB is shorter, 
usually consisting of only two such repeats. LHR II is also 
unusual: although specific leucine heptad repeats can be 
identified in this region in nearly all members of the family, 
the number of repeats is small, usually two or three. The 
presence of leucine heptad repeats in the GRAS proteins 
suggests that these gene products may function as multi- 
mers (Hurst, 1994). The presence of four possible (albeit 
unusual) LHRs in some of the members suggests a poten- 
tially complicated higher order of interaction. 

The VHIID Motif. The VHIID sequence is readily recogniz- 
able in all members of the family, although it is not 
absolutely conserved: substitutions of valine, isoleucine 
and leucine at the 1, 3 and 4 positions yield a number of 
permutations. Within the larger region that we term the 
VHIID motif, the P-N-H-D-Q-L residues are absolutely con- 
served (Figure 1). The spacing between the proline and 
asparagine residues is identical among all members, as is 
the spacing between the histidine, aspartate, glutamine 
and leucine residues. The VHIID motif is bounded at its C- 
terminus by a conserved sequence referred to as LRITG 
for simplicity (Figure 1). Most of the deviations from this 
consensus sequence represent conservative changes. 

The PFYRE Motif. The PFYRE motif is not as well conserved 
at the sequence level as are the VHIID and SAW motifs 
(only the P is absolutely conserved) (Figure 1). Within the 
PFYRE domain, however, the sequences are largely 
co-linear and portions of this region show a high degree 
of sequence similarity among all members of the family. 

The SAW Motif. The SAW motif is characterized by three 
pairs of absolutely conserved residues: R-E, W-G and W- 
W (Figure 1). The W-W pair found nearly at the C-terminus 
of these sequences shows absolute conservation of spa- 
cing, as does the W-G pair. The spacing between the W-G 
and W-W pairs, however, is not conserved. 

Those GRAS gene products for which N-terminal 
sequence data exists beyond that shown in Figure 1 do 
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Table 1 Accession numbers and map positions of the GRAS sequences in Arabidopsis 



Designation 
SCL1 
GAt 
SCL3 

SCL4 

SCL5 
SCL6 

SCL7 
SCL8 

SCL9 

RGA 

SCL 11 

SCL 13 
(VHS4) 

SCL 14 

SCL15 
( VHS5) 
SCL16 
RGAL 
SCL18 



SCL19 
SCR 



Accession numbers 

E: Z25645/33772, B10318, B11686 
Com: AF0360300 
Z34183, Z34599, T22782, Y11337, 
Y15193, B62171 

E: Z37192/Z37191, N96166, B20233, 
B 18969 

Com: AF0360301 

E: Z46550, Z38048, Z38085. B22400, 

B23696 

G: AB010700 

E: F13896/F 13897, AA395075 

Com: AF0360302 

E: F13949 

Com: AF0360303 

G:AC004708 (WAS HU 003) 

E: R29793 

Com: AF0360304 

E: T21627, H76979, N96767, T43670, 

AA395639, B77404 

Com: AF0360305 

E: T76186, T44774 

G:AC004684. B25776 

Com: AF0360306 

E: T45793, T46205. N96653, Y11336, 
Y15194 

E: T76463, AA394557, AA605493 
Com: AF0360307 

F15454, N37425, AA720344, R29917 
Com: AF0360308 
G: Z97343 

E: W43803, W43538, AA042397 

Com: AF0360309 

E: N65163 

G: Z99708 

G: AB007645 

G: AJ224957 

E: B10115, B30030 

G:AC002328 

E: Z26055, B62171, B62460 
U62798 



Map position 

1: m235-g3829 (Rl: JD1110) 

1: ve006-ve007 
(CIC3G6. 4H9, and 11C3) 
1: m213 

(CIC 1G8, 4H4, 8G4) 
5 {genomic clone) 



1: m213 {Rl: JD4818) 
4: mi51 

(CIC 2C7, 5B11, 5C11, 10C8) 

(genomic clone) 

3: CDs4, m457 

(CIC 8E2, 8E1, 9D1) 

5: PAP003 

{CIC 11F10) 

2: ve018-nga168 
(CIC 10F12) 
(genomic clone) 
2: ve012 

(CIC7C11. 2F4. and 6G2) 
NP 

4: g4539-mi112 

(CIC 4D3, 6G4. 2B8, 5E12. 7G8, 12B9) 

(genomic clone) 

NP 

4 (genomic clone) 

5 {genomic clone) 

1: mi209,nga280,nga128 
(BAC F20N2) 
(genomic clone) 

3: ve042-ve022 
(CIC 11G5, 9D7) 



'E' indicates an EST or a BAC end sequence. 'Com' indicates a complete EST sequence. 'G' indicates a genomic sequence. 



not contain significant similarity among their N-termini, 
except in the case of GAI/RGA/RGAL (Peng et at., 1997; 
Silverstone et ai, 1998; Truong et ai, 1997). The SCLs for 
which N-terminal sequence is available (SCL4, SCL6, SCL8, 
SCL9, SCL14 and SCL15) do not show any significant 
similarity to each other, to SCR, or to GAI/RGA/RGAL in 
this region (data not shown). The one common feature is 
that most of them contain homopolymeric stretches of 
certain amino acid residues (S, T, P, Q, G, E and/or H). 

In summary, the GRAS gene products are characterized 
by a variable N-terminal region and a highly conserved 
C-terminal region. Importantly, the order of these motifs 
within each protein is the same. While the functions of the 
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VHIID, PFYRE and SAW motifs are currently unknown, the 
absolute conservation of the residues in the VHIID and 
SAW motifs indicates that these residues are required for 
the activity of the GRAS gene products. 

Other motifs in the GRAS family sequences 

A putative nuclear localization sequence (NLS) that con- 
forms to the consensus for bipartite NLS has been reported 
for SCR, GAI and RGA (Di Laurenzio et ai, 1996; Peng 
er a/., 1997; Raikhel, 1992; Silverstone et ai, 1998). Similar 
sequences are found in SCL14, SCL15 and RGAL. SCL4, 
SCL6 and SCL8 contain putative NLS conforming to the 
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a 



LHRI 



VHIID 



LHRII PFYRE 



m 



SAW 



U | LTOOB KEPTAD I | 

" , X , , » | 

SCL9 EVVD1JKSU,XHC*QAVXXI^^ RSAAAVLKA 

SOJ4 FHJiDliniulSnjZXI&VSVDCX^ TSAATKLIUV 

SCX.1 LSMVTJEI^QFVSlQ-GDPSQRlJUmfV^ PPSDERIAA 

SCL8 TSVCSRCTTVKEIATAIAEGXTEIATEILAKVSQT^ QCE HL1S 

SCL4 FI^PPl^KAJYTXARI SDSDPTg>SKTIJX?IR^SVSEXGD P T ERV XFYFTEALSKRI>S PNSPA TSSSSSSTEDLILS 

SCL6 GF\^rTEOIAT<AAE-VIEST7Txnj^LlJU^^ LNPYS1JFKIAA 

SCL15 GGFGF I EEL I KWIXTVESDaXJIJKJWl^KWJQRl^ PIRLSSWSEIUQRIRA 

SCL1 B AQN1XS I LS LNS SPMGDSTERLVKLFTKAJ-SVR rNROOODQTAETVXTWlTNIJnTISNSTVFTS SVCT^OFLFFTlOiWNSDFESCY 

GAJ NCVPXWAIJJVCAEAVCjKENLTVAEAL^ QSPIDHCXSETL 

RCA NGVRL.VHAXJ4A.CAEAI: gONNLTXAEAL-VKQ I OCLAVS QAG - AMRKVATYFAEJOAKRXYKLS PP QNQIDHSLSDTL 

RGAJU TCT^WAlJJ^CAEAVQQNNlJa-W^ DCWASSSFSDTL 

SCR EQJ«lXTlXJ J QCAEAVSAI*a^£AN^^ 



| VHXXD 1 

SCL3 AMBGEKM VHVIDLJ»VSEPAOWUU*LOWWSRPBG PPHLMTOVHHQ 

SCL9 HQUOACCFFRXLSYT ITNKTIRDLVGNSQR VMVFDTC3 LYGF QWPTI> 1HRF SMYG SFFVXITG I EFPQPGFR 

SCL14 YQTYMSVCPFKXAAI I FANHSMMRFTANANT 1H1 H5FG1 SYGFQWPALIHFU^SLSRPGG SFTtLXXTCrELfQRGFR 

SCL16 LAEFVDLTFWHRFGF IAANAAI LDAVBGY SS VHIVDLSL,THCMOI PTLI DSMANKU-QCKP PPlAJO/TVXASEftEFHP 

SCL13 AMVEILEAIAGETR VR1 ISPQIAQGSQYMFLIOEIAKKPQG PPlXJrVTOVDOSQSTrA 

SCX5 MHIXYEAC^^mO'XTYISAWGAlAEAVKNESF VH I XDFQ1 SQOGQWVSLI RALGARPGG PPNVRXTOICOFRSSFA 

SCL1 MOVU^a^FTO^OT^AMGAILEAIKGEEE VB1 IX)FDINQGNQfYKn«IRSLAEl>PGK RPPXJUVTOIDOPESVQR 

SCL8 TQLLYTLSPCTYlJ&VJWXLJillA^^ 

SCL4 YKTLNDACTY SKFAHLTAHQAJ LEATEXSNK ID IVDPG TVQG I QWP ALLQALATHTSGK PTQmVWJIPAPSLG-- 

SCL6 YKSF SE 1 SPVljQFANFTSNQALLESFHGFHR LHI nJTOl<TrG<*JWA£LMQElAnjU»«AA PLSXJCXTVFASPA 

SCL15 IKEY9GIS»IPl^SHFTAM0AlLDSUSS0SSSPP-VlfVVDPE3(^XW OGFXRVTRWA 

SCL18 Y1»1»QLTFF I RFGHLT A»0AJ LDATETNTMGA - - LB I LDLDI SQGliQWP PI>iQALAE3fcSSNP£ S P- - PPSUUTOCGRDVTGL- 

GAJ QMHFYETCPYLXFAHFTANQAJ LEAFQGKKR VHVIDFStSQGLO^AUiOiajaJlPQG PPVFW.TOIGPPA 

RGA QM>-(FYETCP YUCF AHFT AM^AJ LilAFBGKKR \«\m>FSM»^LgWPAX-M0ALALRBOG PPTnCLTQlGPPA 

RGAL Q 1 HFYESCPYLKFAHFTAI^M L£VFATAEK VBV IDLGLNHGU3WPAL1 QALALRPNG PPDHUJTQ1 

SCR FtJN^^lSPLVW^SHFTANOAIC^^TXEDS VHI IIXJ3IMOG1XMPGLFH2 LASRPOG PPHVRI^OLGTSM 



| LEUCINE HEPTAD II | | 

| A I | B | 

SCL3 EVl,ECJ<AHRI.IEEAfXI^JPFC^PWSRIJXn>I^^ TGEAiAV « DSFLNI 

SCL1 1 KXWE-T ITU3ELM1NPCETTWNC IHRljQYT PCET VSLDSPKDIVLin. 

SCL9 PAQKVEEnXK>R-l^YAia,-FCVPFEYKAlA^^ 

SCL14 PAETTTUlC?^-WlJ7IVSDm--FRI^STI^ 

SCL16 PPl^ISYEF^SOA/NFATTWA/AM^ 

SCL13 R CXXJ---1^VGDU^TLJ^CGVPFE^^ 

SCL5 I^VGQfU/^O-^E^^ 

SCU S JOG LR I IGlJU^mAFJ><7>/SFKr-KAMP - SKTS I - - VSP STTjGCXPGETTJVMFAPQLHHH PCT^ VTTVNQtlEELl.HM 

SCU8 VD--DGGEERIJ^VGI)l^Gl^a^lSVSFhWrSL^ 

SCL4 ES PEPS1»1ATGNRUIDFAKVIjDLiNFDF 2 PILTPIHL- - - U©SSFT*VDPDEVlAVBF>njQLYKLI^EI - — PTTVDTAL- R 

SCL6 NHDQl^ELGFTQ DNLKHF ASEIN I SLXJI fVLSLXJUXiS LSWFNSS EKEAVAVM1SAA S FSHLPLVLRFVKH 

SCL15 EIX3AVE7ITtI J VKENl/rQFAA£>lX.l RFXJ I EFVLJCKTFF>I1-SFKAJR - - F\/EGERTW1>I SPA- - - 1 FRRLSGITOFVMN 

SCL.18 NRTGDRLTRF AQSLG LQFQFHTLV rVEEDLAGLLLQ IWXAI^VQCCTIAVICVHFXHKI FNDOGTMIGHFL.- 

GA1 PDNFDYI^tEVOrKIJtf*IAEAXH^^ LjGRPOAIEKVLGV 

RGA Pr^SDHLHEVGOOAC^JUMHVEFEYRG^^ LGRPOGIEKVLGV 

RGAL GYSLTDI OEVtWKLGQLAST I GVNFEFTCS I ALMNLSDUC P EXLUXRPGLE - SVXVMSVFQJDIL. LAHPGS1ETFLST 

SCL19 PDPVQSNKLLNT 

SCR EA I^TGKRl^SDFTEKlXiLPFEFC PLAEKVGNDLT ERLNVRKREAVXVH - - WLQHSL YDVTGSDAfniXL 



Figure 1. Alignment of the Arabidopsis GRAS gene products. 

The highly conserved region of the GRAS products can be divided into five recognizable motifs, as indicated diagrammatically in (a). The deduced amino 
acid sequences for the SCLs are shown in (b), with the appropriate motif designations indicated above the sequence alignment. The absolutely conserved 
residues within the VHIID and SAW motifs are highlighted in bold, as are the hydrophobic residues of the leucine heptads, the P-F-Y-R-E residues of the 
PFYRE motif, and the two short sequences that define the end of the VHIID motif and 1he beginning of the PFYRE motif. The @ symbol in the alignment 
indicates the location of an apparent insertion in the SCL3 gene. The deduced amino acid sequence of the insertion is shown at the bottom of the Figure. 



non-typical SV40-like NLS {Raikhel, 1992). Nuclear localiz- 
ation has been demonstrated indirectly for RGA, through 
use of an RGA-green fluorescence protein {GFP) fusion 
(Silverstone et ai, 1998). 

The G>4/and RGA gene products also contain a sequence 
that fits the consensus sequence (LXXLL) demonstrated 
to mediate the binding of steroid receptor co-activator 
complexes to nuclear receptors (Heery et ai, 1997; Peng 
etai, 1997; Silverstone et ai, 1998; Torchia et ai, 1997). 
Sequences conforming to this consensus are also found 
in SCL4, SCL6, SCL15, RGAL and SCR. The significance of 
this sequence in plants is unknown. 



The combination of motifs present in the GRAS family 
members suggests that they may act as transcriptional 
regulatory proteins. It is tempting to hypothesize further 
that the N-termini of the GRAS proteins function as activa- 
tion domains: the variability of these sequences may result 
in the ability to mediate a number of different interactions 
with the basic transcriptional machinery and accessory 
proteins. The LHR l-VHIID-LHRII region may function as a 
DNA-binding domain, analogous to the bZIP protein-DNA 
interaction (Ellenberger ef ai, 1992), with the LHRs mediat- 
ing protein-protein interactions and the VHIID motif medi- 
ating protein-DNA interactions. 
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pmz 1 j 

SCL3 -W3L^KVKVVTEQDS---IWNGSTl>iE^^ S CEGF E K 

SCL11 FWIN*DLFVF*i:TtK---YWSPTTmTirRZKL^ SCEGAE* 

SCL9 IGKINPDLFVFGTVNG AYNAPFT^TT^FREAIJWSSlFTMJErri^ ACEGWEX 

SCL14 IRKINPNVF J PAILSG NYNAP FTVTRFREALFHY SA VFI>tCDSKLAREDEKIUjM - -YVFETYGRErVNW ASEGTEK 

SCL16 LRDLNFT IVTLI DGDSDFTSTN NW AKEGAEX 

SCL13 IKSLSPKLVTLVEQES NTNTS PLVSRPVETLDYYT AMFES I DAARPREDKQRl S - - AEQKVARD IVNKI ACEESEJt 

SCL5 VKHL£PNWT1>VB0EA hTrTHW'Tl^PRFVETMNKirLAVFES X I7/KLAREHKERXN - - VEOHCLAREWNL.I ACEGVEK 

SCL1 VKSl^PKLVTVVBCOV - - - NTT7TS PTFPRF1 EAYITTX S AVFI^IJ>nTJ>R£SOERMN- - VERQCLARDIWIV ACEGEEX 

SCLB VKGUCP RWTL/VEQEM NSWAPFICRVSESCACYGALLESVESTVPSTHSCIIAK - - VEEG- IGRXLVNAV ACEGIE* 

SCL4 LAXLNPRVVTLGEYEV SUfRVGTA^VKhUU^FXSAVFESlXPfn^^ TCIHR 

SCL"? SL£PNIX)RDSKE1UJ--V^VIJ>GRRI>EL^ 

SCLfc L SPTI TVCSDRGC- - - nmX^PFSQOLAHSLHSHTAlJ^LIW-VTa^^ - IKRFLigPEIEJCLV IX* 

SCL1 5 LJV*VSPKVWFVT3SEGWT^lAGSGSrR^ - - VEAFVLRPKISAAV ETAA- DR 

SCL18 -SAIKSIJ«SRr\rmAER£A>WGDHSrL*^SEAVI*n^ 

GA1 VNQIKP EITTW EOES- - - NHNSP I fTJXU^SLHYTSTLFDSLEGV- - PSGQLKVM- - SEVYL- GKQICNW ACDGPDR 

RGA VXQI>3VTrTVVE0ES NH^PVTU^RFTESLHrTSTLFDSl^GV- - PNSQEKVM- - SXVYL-GXQICNLV ACEGPUl 

RGAL IKSIRPDIWTWBQEA- - - NHhK7IWl^WTXSUfYYSSl>FDSUECP- - - PSQCRVM- - SEU^-GRQILNL-V ACEGEEft 

SCL19 VKA1KPSIVTWEQEA KHNGIVFlJ3RFNEAlJiyTSSljFT)SlJED£rysLPS0CKVM~ - SEVYL-GRQILNW AAEGSCR 

SCR UJRLAPKWTWE3QD LSHAGSFL^WFVEAIHY^SALFDSljGASyGEESEiaiHV- -VIQQIjLSKEIRNVL. AVGGPS* 



9CL3 RZRH«-LE3O^0RIDl^^^A^L^YY7^M^ 

SCL11 FARFTT - YKOWKVRI l^RAOFKPAT I SXQ !>OCEAXZIVRjK - RYKRDFV1 - DS»ISnrfMLC>GWKGHVI YAFSOfKPAQOFTTJMf^LWI 

SCLS VERPKT - YXQWHVRAMRSGTLVgVPFDPS IMKTSLHXVHT - FYHXDFV1 - DQ»WWLUX5HKGPnVMAl>SVWKPES 

SCL14 VESRlT-YK<^ARiaRAaFRQLPLCTXl^^ 

SCU16 VEKL*P FTOJGFt^AKTENnCTMIJEEHATG^ 

SCL1 3 VERHEV- IXIKMRVRMMMACCFTGWPVSTSAAFAASEMIJtA- - YDKNYKL-GGHEGALY1JWKJWPMATCSVWKPNPNYI G 

SCLS EERHEP- LCKHRSRFHMAQFXPYPLS SYVNAT HKGLiLES - - YSEKYTL- EERK3ALYLGWKNQPLITSCA1IR 

SCL.1 IEKYXA-AGKWRARI«MAaFNPia>MSAKVTW 

SCLB IERCEV-raOIRMRMSMAGFTXWLSEXlA^ 

SCL4 ERME»--KEQWRVl>lENAaFES\na-Si™AVSQ^ 

SCL6 SRP lElfWTW^AMTU^ayS PVTHSNFTESCAECLVQR- TFVRGFH VOQQiNSl^JXr>#ORTEX\A7VSyOfRCRSS 

SCL15 RHTGZ MTWREAFCAAGMRP I WSOF AirQAECLLEX - A^TRGFH - VAKFOGELVLCWHGRALVATSAMRF 

SCL18 HRRFX ntE£»OOUWVl^IGSFAl^QA>UAI^ 

GAI VERHET-L^QWRNRFGSAOFAAAHIGShlAFKQASMLaJ^ 

RGA VERffrr-I^CWGNRPGSSOLAPAHlGSrD^CASMiaSVTO 

RGAL VERI^-l^^fRNRFGlXM^PVSIGSKAyKGASMLJJ^ 

SCL19 VIM IET - AAQWR I FMK SAOFD P XHLGS S AFKQASMLLSLYATGDGYR - VEENDCXTLMI RWQTRPLI TTSAWKLA 

SCR - - SGXVKFESMREKMOOCOFKG I S^AGNAATQATU AjGKP P - S DGYTLVDLW - GT1JCLGWKDLSLLT ASAWT PRS 



Figure lb. Continued. 

Evolutionary relationships 

Comparison of conserved motifs among members of the 
GRAS family suggested that they could be grouped into 
distinct subsets. To determine the evolutionary relationship 
among these genes, the highly conserved sequences span- 
ning the five motifs from the Arabidopsis members were 
analyzed by heuristic and bootstrap analyses to determine 
maximum parsimony. In the resulting phylogram, several 
distinct groups can be distinguished. These include: SCL11/ 
14/9, SCL13/5/1, SCL4y7, SCL6/15 and GAI/RGA/RGAIV 
SCL19 (Figure 2). Three members, SCR, SCL3 and SCL8, 
do not group with any of the other sequences. The trees 
derived from analyses of amino acid and nucleotide 
sequences were nearly identical. Distance-based analyses 
yielded similar results. 

Database searches identified putative GRAS family 
sequences in other plant species (rice, oat, alfalfa, maize, 
watermelon and Brassica napus). Recently, the Lateral 
suppressor {Ls) gene in tomato has been shown to be a 
new member of the GRAS family {Schumacher ef a/., 1999). 
However, to date no significant similarity to the GRAS 
gene family has appeared among the sequences in any 
non-plant genome, including the fully sequenced yeast 
genome. Thus the GRAS gene family, like the AP2 family 
(Okamuro et ai, 1997; Weigel, 1995), appears to be 
restricted to higher plants. 



SCL3 



- SCL11 
SCL9 



- SCL13 



SCL5 
SCL1 



SCL8 



■ SCL4 
SCL7 

SCL IB 

SCL6 

SCL15 



- SCR 

- 04/ 

- RGA 

- SCL19 
RGAL 



Figure 2. Phylogram of the Arabidopsis GRAS sequences. 
The Arabidopsis GRAS nucleotide and deduced amino acid sequences 
were analyzed using the PAUP program. The results were similar for both 
parsimony and distance analyses. The tree is unrooted because there are 
no outgroup GRAS sequences available. The bootstrap values calculated 
from the nucleotide alignment are shown {maximum parsimony, 
replicates - 1000, gaps treated as fifth base). SCL16 was not included in 
the analyses because of ambiguities in the available sequence. 



RNA gel blot analyses 

To begin to characterize the expression patterns of the SCL 
genes, RNA gel blot analyses of mRNA extracted from 
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Si Sh R 




Figure 3. RNA gel blot analyses. 

Total RNA from siliques {Si) and 14-day-old shoots (Sh) and roots (R) was 
isolated and analyzed by RNA gel blot hybridization with specific antisense 
digoxygenin-labeled probes. The SCLs analyzed are all expressed within 
the roots, and many of them are expressed in all of the organs tested. As 
the amount of mRNA loaded on the gels and the exposure times for all of 
these blots varied, direct comparisons of the levels of expression are 
not possible. Detection of SCL1, however, required significantly shorter 
exposures than the others, and SCL6, SCL7 and SCL9 required significantly 
longer exposures and more mRNA. A representative ethidium bromide- 
stained RNA gel is shown below as a loading control. Estimated sizes of 
the mRNAs for the SCLs are as follows: SCL1, 1.5/1.7 kb; SCL3. 1.8 kb; 
SCL5, 2.0 kb; SCL6, 2.4 kb; SCL7, 2.3 kb; SCL8, 2.7 kb; SCL9, 3.1 kb; SCL 77, 
2.1 kb; SCL 13, 2.4 kb; and SCL14, 3.2 kb. 

siliques, shoots and roots were performed. As can be seen 
in Figure 3, all of the SCLs analyzed are expressed in the 
root. SCLf5 and SCL9 appear to be root-specific. A majority 
of the others show the highest level of expression in the 
roots {SCL1 and SCL7 are the exceptions). Although the 



levels of the SCL transcripts cannot be compared directly 
on these films due to variable exposure times and (in some 
cases) amounts of mRNA loaded on the gels, most of the 
SCLs appear to have similar levels of expression. The 
notable exceptions to this are SCL 7, SCL6, SCL 7 and SCL9. 
Hybridization with the SCL 7 probe reproducibly resulted 
in multiple bands (Figure 3). Moreover, the exposure time 
required for detection with the SCL 7 probe was significantly 
shorter than that required for all of the other probes 
(minutes as opposed to hours). In contrast, detection of 
the SCL6, SCL7 and SCL9 transcripts required increased 
amounts of mRNA and longer exposure times, indicating 
significantly reduced levels of expression of these SCLs 
relative to the others. The SCL probes do not show any 
detectable cross-hybridization under the conditions used. 
This was initially indicated by the fact that Southern ana- 
lyses using the SCL 7, SCL3 and SCLS probes resulted in a 
single hybridizing band in recombinant inbred analysis. 
Additionally, the unique messages detected using the SCLs 
as probes (with the exception of SCL 7) vary in size: from 
1.8 kb for SCL3 to over 3.0 kb for both SCL9 and SCLU, In 
summary, our expression analysis shows that many of the 
SCL sequences are expressed predominantly in the root, 
suggesting that a subset of these sequences may play 
important roles in root biology. 

In situ analyses 

RNA in situ hybridization with probes for SCL3 were 
performed in order to begin to establish tissue-specific 
expression patterns. SCL3 is expressed predominantly in 
the root endodermis, in a pattern strikingly similar to that 
of SCR (Figure 4). This pattern does not result from cross- 
hybridization with SCR or with other SCLs. This conclusion 
is supported by several facts. Most importantly, SCL3 
does not have significant stretches of absolute sequence 
homology at the nucleotide level with SCR or with any 
other member of the family. In addition, SCL3 probes 
routinely result in only single hybridization patterns on 
both Southern and Northern blots. Finally, as noted above, 
the sizes of the transcripts hybridizing to different SCL 
probes can be clearly distinguished. The fact that SCL3 is 
expressed in the root in a pattern very similar to SCR 
suggests that there exists a subset of SCLs involved in 
radial patterning and that SCL3 plays a role in endodermal 
specification, perhaps by regulating the expression of SCR 
or by being regulated by SCR 



Significance of the GRAS gene products 

In spite of many unknowns, the significance of the GRAS 
family is beginning to be understood. The SCARECROW 
gene, the defining member of this family, is absolutely 
required for the proper radial patterning of the root and 
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Figure 4. In situ hybridizations with SCR and 
SCL3. Transverse sections {a, b and d) and a 
longitudinal section Ic) of 7-day-old roots 
were hybridized with either an antisense SCR 
riboprobe (a), an antisense SCL3 riboprobe 
<b and c) or a sense SCL3 riboprobe Id). 
Strong signal is observed in the endodermis 
with the antisense SCR probe and the 
antisense SCL3 probe, but not with the sense 
SCL3 probe. Scale bars in (a) and (c) are 
both 25 urn. The magnification is the same in 
panels {a), <b) and (d). 



shoot in Arabidopsis (Fukaki et al., 1998; Scheres et al., 
1995). 

Plants mutant at the GAI locus are reduced in stature 
and do not respond to applications of exogenous GA, 
indicating that the GAI protein is involved in GA 
perception and response (Koornneef et ai, 1985). GAI 
may act as a negative regulator of cell elongation. It has 
been hypothesized that in wild-type plants, GAI represses 
cell elongation in the absence of GA (Peng et ai, 1997). 
The phenotype of the rga mutants indicates that RGA 
also negatively regulates GA perception and response 
(Silverstone et ai, 1997). The N-termini of GAI and RGA 
are highly similar, indicating that they may act through 
similar mechanisms. Deletion of five amino acids (DELLA) 
in the N-terminus in GAI results in the dominant 
phenotype, implicating this region in GA perception and 
response (Peng et al., 1997). Therefore, these three 
prototypical GRAS gene products (SCR, GAI and RGA) 
establish that the members of the GRAS family play 
important roles in plant biology. 

Experimental procedures 

DNA sequencing, alignments and phylogeny 

The SCL ESTs were obtained from the Arabidopsis Stock Center 
(Columbus, OH, USA) with the exception of SCL6, which was 



kindly provided by Thierry Desprez (INRA, France). The plasmid 
DNA was prepared by alkaline lysis (Sambrook era/., 1989) and 
sequenced using Sequenase 2.0 (United States Biochemicals), 
according to the manufacturer's instructions. Sequences were 
translated using GeneWorks 2.0 (Oxford, UK) and aligned 
manually, based on alignments performed using GeneWorks 
and additional BLAST (Altschul et ai, 1997) searches. The 
sequences of the highly conserved region shown in Figure 1 
were analyzed using the PAUP program. Trees were obtained 
using both maximum parsimony (gaps informative) and min- 
imum evolution (distance) of both the protein and nucleotide 
sequences. Bootstrap analyses confirmed that the branches 
were strongly supported {atl clades occurred at a frequency 
greater than 0.75, with 1000 replicates). 



Mapping 

The map positions of most of the sequenced Arabidopsis ESTs 
were determined using either the recombinant inbred lines [SCL 1, 
SCL5) or PCR-based yeast artificial chromosome (YAC) library 
screening (SCL3, SCL6. SCL7, SCL8, SCL9, SCL131. Recombinant 
inbred mapping was performed as described previously (Di Laur- 
enzio et al., 1996). For YAC library screening primer pairs specific 
for each of the SCLs (18-21 mers) were obtained from Ransom 
Hill. These primer pairs were utilized in a polymerase chain 
reaction with DNA from the CIC YAC library (Creusot ef a/., 1995) 
using protocols and conditions described by Camilleri ef a/. (1998). 
The map positions of seven of the SCL genomic clones (SCL4, 
SCL6, SCL9, SCL 13, SCL15, SCL16, SCL 75) are known as a result 
of the Arabidopsis genome sequencing projects (Bevan et al., 
1998; Camilleri et ai, 1998; Schmidt et al., 1995; Schmidt et al. f 
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1997; Zachgo et al., 1996). SCL11 and SCL 14 could not be placed 
on a YAC by the PCR-based method and the map positions of 
SCL19 and RGAL are not known. The results of the mapping are 
summarized in Table 1. 



RNA extraction and blot analysis 

Total RNA was extracted from the roots and shoots of 14 day 
seedlings grown under standard sterile conditions (see Di Lauren- 
zio et al., 1996) and from siliques from plants grown on soil. Ten 
( SCL 1, SCL3, SCL 5, SCL8, SCL 11 and SCL 13) or 18 [SCL6, SCL7, 
SCL9, SCL 14) micrograms of total RNA were separated on formal- 
dehyde gels, as in Di Laurenzio et al., 1996. The RNA was trans- 
ferred to HyBond-N (Amersham) and hybridized with digoxygenin- 
labeled single-stranded DNA probes using the GENIUS non- 
radioactive detection system (Bohreinger Mannheim), as per the 
manufacturer's instructions. 



In situ analyses 

Four- to seven-day-old light-grown seedlings grown under stand- 
ard sterile conditions were fixed in paraformaldehyde, embedded 
in Paraplast Plus (Fisher), sectioned, and hybridized as reported 
in Di Laurenzio et al. (1996). Probes were digoxygenin-labeled 
using the protocol also described in Di Laurenzio et al. (1996). 



Accession numbers for GRAS sequences in other plants 

The GenBank/EMBL database accession numbers for the two 
members of this family that we sequenced from rice (OsSCLI) 
and maize (ZmSCLl) are AF067400 and AF067401, respectively. 
The following are accession numbers for ESTs that encode prod- 
ucts with a VHIID motif: AA231684 (oat), AA751595 (rice), C72495 
(rice), AA754049 (rice); with a SAW motif: AA231910 (oat), H74669 
(Brassica), C28500 (rice); with similarities to the PFYRE motif: 
C20324 (rice), D15490 (rice), C28384 (rice). Additional ESTs encod- 
ing products with significant similarity to the GRAS sequences 
are C71780 (rice), AA660090 (watermelon), AA750594 (rice), and 
AA751136 (rice). The accession numbers of the ESTs that encode 
products with the DELLA sequence (like GAI and RGA) are 
AA660952 (watermelon) and D39460 (rice). 
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ABSTRACT The ability of the shoot apical meristem to 
multiply and distribute its meristematic potential through the 
formation of axillary meristems is essential for the diversity 
of forms and growth habits of higher plants. In the lateral 
suppressor mutant of tomato the initiation of axillary meris- 
tems is prevented, thus offering the unique opportunity to 
study the molecular mechanisms underlying this important 
function of the shoot apical meristem. We report here the 
isolation of the Lateral suppressor gene by positional cloning 
and show that the mutant phenolype is caused by a complete 
loss of function of a new member of the VHIID family of plant 
regulatory proteins. 



The pattern of shoot branching and the growth characteristics 
of lateral shoots determine to a large extent the growth habit 
of plants. In seed plants, shoot branching is initiated at the 
shoot apex with the formation of axillary meristems. In the 
axils of developing leaf primordia, distinct groups of meris- 
tem at ic cells, which axe in direct continuity with the shoot 
apical meristem, can be identified by histological means, 
because of their dense cytoplasm and the low degree of 
vacuolalion (1). This cell group proliferates and forms a 
dome-shaped axillary meristem, whose structure is very similar 
to that of the apical meristem of the primary shoot. Alter the 
formation of the first leaf primordia, development of these 
lalcral buds often pauses due to the inhibitory effect of the 
shoot apex of ihe main shoot (2). In some plant species, the 
apical meristem of the primary shoot remains active through- 
out the life of the plant and continues to initiate the formation 
of lateral organs. In other plant species, the primary apical 
meristem at some point of development undergoes the tran- 
sition to floral development or it aborts. In these cases, 
development is continued by one or few axillary meristems 
forming a sympodial shoot (e.g.. Lycopersicon esculentum and 
Petunia hybrida ) . 

Little is known about the genetic control of shoot branching. 
Mutants that exhibit either a reduced or an enhanced out- 
growth of axillary buds have been described in various plant 
species (3). In other cases, the initiation of axillary meristems 
is blocked in some or most of the leaf axils. The lateral 
suppressor (Is) mutant of tomato is characterized by phenotypic 
abnormalities at different stages of development. During 
vegetative development the cells in the axils of leaf primordia 
fail to retain their meristemalic character leading to the 
absence of side-shoots (4). However, at the transition to 
reproductive development, axillary meristems are initiated in 
the two leaf axils preceding the inflorescence. Whereas the 
uppermost axillary meristem develops into a sympodial shoot 
continuing the main axis of the plant, the second axillary 
meristem will develop into a side-shoot (4). Inflorescence 
development of homozygous is plants is characterized by a 
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lower number of flowers per inflorescence, the absence of 
petals (5) r and a reduction in male and female fertility (6). The 
morphological defects of the Is mutant are accompanied by 
drastic changes in the levels of several plant hormones. In 
comparison to wild type, apices of homozygous Is plants 
contain much higher levels of auxins and gibberellic acid, 
whereas the levels of cytokinins are reduced (7). By studying 
the molecular processes underlying this complex phenotype, 
we hope to gain insight into important aspects of plant 
development. Based on previously reported genetic and phys- 
ical mapping (8), we have isolated the Is gene by positional 
cloning. Sequence analysis of the mutant alleles reveals that 
the Is phenotype is caused by a complete loss of function of a 
member of the newly emerging family of VHIID regulatory 
proteins. 

MATERIALS AND METHODS 

Plant Materials. Tomato seed material of L. esculentum cv. 
Amimold 13. Anlimold B-/.y l and Moneymaker was obtained 
from the Tomato Genetics Slock Center, Davis, CA. Tomato 
seeds of L. esculentum cv. Primabel and Primabel-/.f 2 were 
obtained from J. Philouze (Instilut National de la Recherche 
Agronomique, Montfavet, France). Plants were grown under 
standard glasshouse conditions with additional artificial light 
(16-h photoperiod) during the winter period. 

DNA Isolation and Southern Blot Analysis. Plant DNA for 
PCR and Southern blot analysis was prepared as described (9). 
For Southern blot analysis, approximately 5 u.g of genomic 
DNA was subjected to electrophoresis through 0.8% agarose, 
blotted to HybondN* membranes (Amersham Buchler, 
Braunschweig, Germany) and hybridized with radiolabeled 
probes. All standard techniques were carried out according to 
Sambrook et at (10), unless otherwise stated. 

RNA Isolation and Reverse Transcription (RT)-PCR Anal- 
ysis. Total RNA was isolated by using the RNeasy system 
(Qiagen, Hilden, Germany) following the manufacturer's in- 
structions. For RT-PCR analysis, 1 /tig of total RNA was 
digested with DNasel and reverse-transcribed by using the 
Superscript II polymerase (Life Technologies, Eggenstein, 
Germany) according to the manufacturer s instructions. The 
product of the first-strand cDNA synthesis reaction was am- 
plified bv PCR using the Lj-specific primers CD61-6 (5'- 
GGTGGCAATGTAGCTTCCAG-3') and CD61-23 (5'- 
CCAGCTATTCAAATACGCCAG-3'). Amplification of ac- 



Abbreviations: Is, lateral suppressor; RT ; reverse transcription; RACE, 
rapid amplification of cDNA ends; YAC, yeast artificial chromosome; 
SCR, Scarecrow: GAL Gibbcrcllin insensitive; RGA, repressor of 
gaI-3. 
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tin cDNA by using primers specific for the potato gene 
PoAclOl (11) was performed as a control to ensure that equal 
amounts of cDNA were added to each PCR. 

cDNA Isolation and Rapid Amplification of cDNA Ends 
(RACE) Experiments. A tomato (cv. VFNT Cherry) shoot tip 
cDNA library (12) was screened by using either yeast artificial 
chromosome (YAC) 61 -5 . the whole cosmid con tig (Fig. \A) 
or the insert of cosmid G as a probe. In each experiment at 
least 1 X 10 (> plaques were screened. 

For RACE experiments (13), first-strand cDNA synthesis 
was performed as described above for RT-PCR analysis. 
RACE experiments were performed by using the RACE 
system of Life Technologies according to the manufacturer's 
instructions. For 5' RACE, the standard adapter primer 
BRL-UAP and the L5-specific primers CD61-30 (5'- 
TGATGGACTAACCGTTCAG-3'). CD61-11 (5'-AGCTA- 
ATGAGTAGCTGGCGG-3'), and CDfil-31 (5'-TTGGAGT- 
TGTTTCAACAGG-3') were used. Amplified fragments were 
cloned into the pGEM-T (Promega) plasmid vector. 
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Fig. 1. Physical map of the Ls region. (A) Schematic representa- 
tion of the cosrnid contig around the Ls locus. The YAC and cosmid 
clones are shown as horizontal lines. The dashed vertical lines indicate 
the approximate positions of recombination breakpoints. Open boxes 
represent cDNAs. and flanking restriction fragment length polymor- 
phism markers arc displayed as shaded boxes. Cosmid end probes used 
for orientation of the cosmid contig are indicated as an open (C-for) 
or closed triangle (A-rev). (#) DNA fragments used for complemen- 
tation experiments. The open bars represent the cosmid clones G and 
L. Shaded bars indicate different DNA fragments of cosmid G used for 
complementation. The position of the ETI cDNA is displayed as a 
shaded box. 



Isolation of YAC Clones. The PCR primers CD6J-F, 
CD61-R. CD65-F. and CD65-R deduced from the restriction 
fragment length polymorphism markers CD61 and CD65. 
respectively (8), were used to screen a pooled tomato YAC 
library (14). To identify a YAC clone spanning the CD61- 
CD65 interval (8), CD61-positive clones also were analyzed 
with CD65 primers, and vice versa. After separation of agar- 
ose-embedded yeast chromosomes by pulsed field gel electro- 
phoresis. YAC DNA was extracted by Gelase (Biozym, Hess. 
Oldendorf. Germany) digestion, radioactively labeled by using 
standard procedures, and used to screen a cDNA library. 

Construction of a Binary Vector Cosmid Library. Genomic 
DNA of L. esculentum cv. Moneymaker was partially digested 
with Mbo\> and a 17- to 23-kb size fraction was ligated into the 
BamHl site of the binary cosmid vector pCLD04541 (15) r 
packaged by using commercial extracts (Gigapack II, Strat- 
agene), and transfected into the Escherichia coli strain SURE 
(Stratagene). Approximately 250,000 recombinant clones with 
an average insert size of 20 kb representing more than five 
genome equivalents were divided into 100 pools. Screening of 
the library was done by PCR analysis of DNA from each pool 
followed by conventional colony filter hybridization. 

Tomato Transformation. DNA fragments were cloned into 
the binary vectors pCLD04541 (15) or pGPTV-Kan (16) and 
transferred into the Agrobactcrium tumefaciens strains GV31 01 
(17) or LBA4404 (18). Transformation of tomato leaf explants 
was done as described (19). 

DNA Sequencing and Analysis. DNA sequencing was done 
by using the PRISM Ready Reaction Terminator Cycle Se- 
quencing system (Applied Biosystems). Reactions were run on 
an Applied Biosystems 373A or 377XL DNA sequencer. 
Computer analysis was performed by using the following 
software: Wisconsin package, Version 9.1, Genetics Com- 
puter Group. Madison, Wl. 

RESULTS 

Establishment of a Cosmid Contig from the Is Region. 

Previous work had mapped the Ls locus to an interval with a 
maximum size of 375 kb at the top of chromosome 7 defined 
by the restriction fragment length polymorphism markers 
CD61 and CD65 (8). Subsequently, CD61-spccific primers 
were used to screen a pooled tomato YAC library ( 14). Among 
five clones isolated, YAC CD61-5 was shown by Southern 
analysis to hybridize to both CD61 and CD65, and therefore its 
320-kb insert should encompass the whole CD61-CD65 inter- 
val including the Ls locus. 

DNA of YAC CD61-5 was isolated by pulsed field gel 
electrophoresis and used as a probe to screen a tomato shoot 
tip cDNA library (12). Among the isolated cDNA clones, 
representing at least 29 transcripts, only one. y25, showed 
cosegregation with the Ls locus and was therefore used as an 
anchor to establish a cosmid contig of the Ls region on 
chromosome 7. Screening of a genomic cosmid library with y25 
resulted in an initial set of four overlapping cosmid clones. To 
orient this set of overlapping cosmid clones relative to the 
genetic map, end probes of the contig were mapped in a 
population of recombinants harboring recombination break- 
points around the Ls locus (8). Whereas probe C-for detected 
three recombinants in the interval between Ls and CD65, the 
end probe A-rev of cosmid A cosegregated with the Ls locus 
(Fig. I A), indicating that we had to extend the contig in the 
direction of CD61. After two consecutive rounds of isolating 
overlapping cosmid clones, a contig covering «=60 kb of 
genomic DNA was established (Fig. IA). 

Functional Complementation of the £s J -Mutant. To test for 
complementation, cosmids (Fig. \A) were introduced into leaf 
discs of the lateral suppressor mutant {Is 1 /Is 1 ) by using the 
Agrobacferium strain LBA4404. Transgenic plants were 
screened for development of side-shoots and petals. A total of 
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50 transgenic plants harboring the cosmids A, B, C 7 D. E. and 
F or the vector plasmid pCLD04541 produced neither side- 
shoots nor petals (Table 1). However, eight of 16 independent 
transgenic plants transformed with either cosmid G or cosmid 
L did complement the mutant phenotypc. Southern blot 
analysis revealed that only those plants showing complemen- 
tation contained a complete T-DNA copy. Three transgenic 
plants harboring an intact copy of cosmid G developed side- 
shoots in almost every leaf axil and produced a whorl of petals 
on all flowers (Fig. 2). In contrast, we found that the five 
transgenic lines harboring a complete copy of cosmid L 
developed side-shoots in only a fraction of their leaf axils (69% 
in one transgenic line) and also showed an incomplete resto- 
ration of the flower phenotype. Because this finding may 
indicate that the Ls gene of cosmid L contains a mutation or 
that a regulatory element is missing, subsequent experiments 
were done by using cosmid G. 

To define the position of the Ls gene more precisely, we 
tested subfragments of cosmid G for complementation of the 
Is 1 mutant. Whereas introduction of the 10.3-kb Clal fragment 
(Fig. IB) did not complement the ls } mutant, the subfragments 
GSET 4 (8.4 kb) and GSET 6 (5.6 kb) restored the wild-type 
phenotype (Table 1). This result demonstrated that the Ls gene 
is located w ithin the 5.6-kb SnaB]-Xhol fragment of cosmid G. 

Inheritance of the complementation phenotype was ana- 
lyzed in the transgenic line 9620 harboring a single copy of 
cosmid G. Among 28 plants of the self-pollinated progeny of 
9620, we found 20 plants showing complementation and eight 
plants with the Is phenotype. Resistance to kanamycin was 
observed only in those plants showing complementation. This 
result is consistent with the assumption that a single-copy 
T-DNA insertion, segregating in a Mcndelian fashion, rescues 
the Is phenotype. 

Identification and Characterization of the Ls gene. Sub- 
fragments covering almost the complete cosmid G were used 
as probes to screen a shoot tip cDNA library prepared from 
RNA of vegetative and floral shoot tips. Among 10 6 clones 
tested, we identified two cDNA clones of which only one, ET1 , 
was found to be derived from the 5.6-kb S?wB\-Xlio\ fragment 
showing complementation of the Is 1 mutant. DNA sequence 
analysis revealed that ET1 contains an ORF starting with the 
first nucleotide of the cDNA and ending with a stop codon at 
position 1415 (GenBank accession no. AF098674), followed by 
an untranslated 3' region of 271 bp, and a poly(A) tail. 

To determine the 5' end of the transcript, three independent 
products obtained in 5' RACE experiments were sequenced. 
All three products started at the same base pair (position 1), 
suggesting that this position corresponds to the 5' end of the 
transcript. The ATG initiating the ORF (position 131) is 
preceded by several stop codons in all three frames, strongly 
suggesting that this ATG corresponds to the translation start 
site. From these experiments, we conclude that the Ls tran- 



Table 1. Complementation experiments 



Construct 


No. of 
transgenic plants 


No. of plants showing 
complementation 


pCLD04541 


8 


0 


Cosmid A 


5 


0 


Cosmid B 


15 


0 


Cosmid C 


5 


0 


Cosmid D 


7 


0 


Cosmid E 


2 


0 


Cosmid F 


8 


0 


Cosmid G 


5 


3 


Cosmid L 


11 


5 


GSET4 


2 


2 


GSET6 


13 


13 


Ctal 


5 


0 



script has a length of **1,7 kb and contains an ORF with a 
coding capacity for 428 aa. Comparison of the cDNA and the 
corresponding sequence of the genomic DNA revealed no 
sequence deviation between the cDNA and its genomic coun- 
terpart, which demonstrates that the Ls gene does not contain 
an intron. 

To prove that the ORF identified corresponds to the Ls 
gene, we searched for sequence alterations in the mutant Is 
alleles. For this purpose, PCR products derived from genomic 
DNA of the Is 1 and Is 2 mutant were sequenced. A deletion of 
= 1.5 kb was detected in Is 1 , removing the first 185 aa of the 
predicted protein and 995 bp of the leader and the presumptive 
promoter region. In the Is 2 allele, the nucleotide sequence 
CAACAGCG (position 203-210) is replaced by TA- 
AAAACGGAA. The C to T transition at position 203, which 
changes a Q to a stop codon. is predicted to cause a premature 
termination of translation after 24 aa. The results of the 
complementation experiments together with the sequence 
analysis of the wild-type and the two mutant Is alleles dem- 
onstrate that we have isolated the Ls gene. 

Ls Is a New Member of the VHIID Family. Comparison of 
the Ls protein sequence to the databases resulted in a list of 
proteins with considerable sequence similarity. Besides several 
sequences of unknown function identified in sequencing 
projects, this list includes three genes identified recently in 
Arabidopsis thaliana, which belong to the VHIID family of 
regulatory proteins: Scarecrow (SCR; ref. 20), Gibberellin 
insensitive (GAI; ref. 21), and repressor of gal-3 (RGA; ref. 
22). With the exception of the N terminus (amino acids 1-47) 
similarity between Ls and the other members of this family 
extends over the whole length of the ORF (^35% sequence 
identity by using the computer program fasta). As we have 
recently isolated a clone from A. ih a liana with considerably 
higher sequence similarity toLs than either SCR, GAI, or RGA 
(unpublished results), we can exclude the possibility that Ls 
represents the tomato homolog of one of these genes. 

The VHIID motif of unknown function, after which this 
family of proteins was named, is included in a modified version 
(1HIVD) in a region (amino acids 152-191 in Ls) showing the 
highest conservation between the different members of the 
family (Fig. 3). Only two additional sequence motives de- 
scribed for one or more of the three related proteins are 
conserved in Ls: the second leucine heptad repeat found in all 
four related genes and the LXXLL-motif ( 267 LHRLL 271 ) 
found in GAI and RGA that was recently shown to mediate 
interaction of transcriptional coactivators with nuclear recep- 
tors (23). All other sequence motives described for one or 
more of the related proteins, like the nuclear localization 
signal, the first leucine heptad repeat, or the bZIP-like domain, 
are not found in Ls, which makes a functional conservation 
unlikely. 

The N terminus of the Ls protein is considerably shorter 
than the N termini of the three related proteins (47 aa in Ls, 
288 aa in SCR, 166 aa in GAI, and 219 aa in RGA), and it does 
not show obvious sequence conservation, but it shares with the 
other sequences clusters of serine and threonine residues 
(amino acids 7-46). A second region with clustered serine and 
threonine residues is found in Ls between amino acids 106 and 
128. 

RT-PCR Detection of Ls mRNA. The identification of only 
one hybridizing cDNA clone from a shoot tip cDNA library 
among ~10 6 plaques tested suggested that the steady-state 
levels of the Ls transcript are very low. This initial obser- 
vation was corroborated by the finding that the Ls mRNA 
was not detectable in Northern blot hybridization experi- 
ments. Therefore, RT-PCR analysis was performed with 
total RNA from different plant organs. The Ls transcript 
was detected in shoot tips, flowers, roots, and young leaves 
but not in internodes (Fig. AA). Because of the inherent 
characteristics of the RT-PCR technique, the observed 
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Fig. 2. Functional complementation of fa 1 . Comparison of phenotypes of Antimold B (A y D, and G), Antimold B-Zs 1 (B,E, and//), and Antimold 
B-fr 1 transformed with cosmid G (C, F, and /). The pictures show the growth habit (A-C), a close up of leaf axils (D-F), and a close-up of a flower 
(G-/). 



quantitative differences in mRNA levels have to be treated 
with caution. 

To test for the presence of a transcript from the two mutant 
alleles, total RNA extracted from young leaves of plants 
homozygous for either the wild-type Ls allele, !s\ or Is 2 , 
respectively, was analyzed by RT-PCR. In Is 1 /Is 1 plants, no 
mRNA was detected whereas ls 2 /ls 2 and wild-type plants 
contained transcripts of equal size (Fig. 48). This result is in 
agreement with the finding that the Is 1 allele contains a 
deletion removing part of the ORF as well as the presumptive 
promoter region and demonstrates that ls ] is clearly a null 
allele. 

DISCUSSION 

We have isolated the Ls locus by positional cloning and 
demonstrated the identity of the Ls gene by complementation 
and sequence analysis of the two existing mutant alleles. The 



identical phenotypic defects of the mutant alleles are in both 
cases because of a complete loss of function of the Ls protein 
caused by a deletion in Is 1 and the introduction of a stop codon 
after only 24 aa in Is 2 . 

The protein encoded by the Ls gene shares significant 
sequence similarity with members of the emerging family of 
plant VH1ID proteins. In addition to the characteristic VHIID 
domain of unknown function, the previously described mem- 
bers of this family, SCR (20), GAI (21), and RGA (22), show 
a number of features pointing to a potential role as transcrip- 
tional regulators. In the well conserved C-terminal part only a 
leucine heptad repeat (amino acids 206-226) and an LXXLL 
(aa 267-271) motif are conserved between Ls and other family 
members. The LXXLL motif has been shown to be involved in 
binding of steroid receptor coactivators to the respective 
steroid receptors (23). However, the significance of this motif 
for plants is questionable because it occurs frequently and the 
presence of nuclear receptor-like proteins in plants has yet to 
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Fig. 3. Sequence analysis of the Ls gene. Alignment of the amino acid sequences of the Ls protein with the Arabidopsis thuhana proteins SCR 
(19), RGA (21), and GA1 (20). Identical residues are displayed in reverse type and similar residues are in gray boxes. The Villi D domain is 
underlined, the leucine residues defining the conserved leucine heptad repeat are identified by asterisks, and the LXXLL motif by triangles. 



be shown. Although the N-tcrminal domains of members of 
this family arc of varying length and are not similar in 
sequence, the presence of short homopolymeric stretches of 
serine and threonine residues is a feature that the Ls protein 
shares with RGA and SCR and to a lesser extent with GAI. 
Such homopolymeric stretches have been found in the activa- 
tion domains of transcription factors, and it has been demon- 
strated that serine- or threonine-rich stretches can serve as 
targets for the modification with 7V-acetylglucosamine residues 
leading to changes in activity of the respective proteins (24). 
Such modifications may be introduced by proteins like the 
SPINDLY protein of A. thaliana, which is involved in the 
regulation of GA signal transduction and shares sequence 
homology with 7V-acetylglucosamine transferases from ani- 
mals (25). As the predicted Ls protein lacks a putative NLS 
signal, we do not have strong indications for a role as a 
transcriptional regulator. The presence of a conserved leucine 
heptad repeat however makes it conceivable that it interacts 
with related proteins, which themselves act as transcriptional 
regulators. 

The fact that the protein encoded by the Ls gene is related 
to two proteins involved in negative regulation of GA signal 
transduction (GAI, RGA) lends support to a model that 
postulates a role for the Ls protein in a mechanism of localized 
regulation of GA responsiveness. This view is supported by the 
finding that the Is mutant is characterized by a severe imbal- 
ance of the major plant hormones (7). Among the hormones 
that show altered levels, GA is of particular interest as some 
aspects of the Is phenotype. like reduced seed germination and 
petal development, are known to be influenced by GA (26, 27). 
To maintain their undifferentiated state, meristematic cells 
must be protected from hormonal signals inducing differen- 
tiation in surrounding cells. One way to achieve this is through 
a localized negative regulation of the GA signal transduction 
pathway. The low abundance of the Ls raRNA has so far not 
allowed us to support this model by analyzing the expression 
on the in situ level, but RT-PCR analysis shows Ls expression 
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Fig. 4. RT-PCR detection of Ls mRNA in different plant organs. 
(A) Total RNA from different plant organs was analyzed by RT-PCR, 
and the PCR products were hybridized to the Ls cDNA as probe. 
Amplification of actin cDNA was used to ensure that equal amounts 
of cDNA were added to each PCR reaction. (B) Total RNA was 
extracted from leaves of plants homozygous for Antimold B-Lj (Wt), 
Antimold B-Zs 1 , and Primabel-fr 2 and then analyzed by RT-PCR. 
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in tissues that include the primordia affected in Is mutant 
plants. The dramatic increase in GA levels found in different 
organs of the Is mutant (7) could be ascribed to a perturbation 
of feedback inhibition of GA synthesis as it is assumed in the 
cases of GA-insensitive mutants, which contain elevated levels 
of GA (28, 29). The imbalances in the levels of the other major 
plant hormones may be either the result of an interrelation of 
the metabolisms of the different plant hormones or may 
indicate that the Ls protein is involved in different signal 
transduction pathways. The isolation of the Ls gene allows us 
to test our model and address the question of the causal 
relationship between morphological defects and hormonal 
imbalances on the molecular level. 

Despite carrying null alleles. Is mutants are still able to form 
axillary meristems in the axils of the two leaf primordia 
preceding the inflorescence. This observation indicates that 
the Ls protein is not absolutely required for axillary meristem 
formation. It seems possible that, with the transition of the 
vegetative shoot apical meristem into an inflorescence meris- 
tem, the strength of the differentiation signal is reduced so that 
a protection of the cells forming the axillary meristem is no 
longer needed. Alternatively, it could be assumed that the 
mechanisms underlying the formation of the sympodial side- 
shoots are different and that the Ls gene is not involved in this 
process. 
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EOD records of its three closest relatives 3 (Fig. 4b). The EOD of the 
monophasic Brachyhypopomus species is similar to that of the 
electric eel in waveform, duration and spectrum 24 (Fig. 4a). The 
resting discharge rate was low (8-13 Hz), resembling an alert 
electric eel in both rate and variability 24 . Calibrated daytime EOD 
amplitudes were 1.5-1.8 mV cm" 1 at 10 cm, which is between five 
and ten times greater than specimens of its sister species 3 
Brachyhypopomus sp. 2 (Fig. 4b). Thus the monophasic 
Brachyhypopomus species appears to have lost the second phase of 
its EOD and boosted EOD amplitude, consistent with Hagedorn's 
proposal that this fish is a batesian electric mimic of the sympatric 
electric eel. Further confirmation of the hypothesis could come only 
from experiments showing mutual avoidance of electric eels and 
monophasic Brachyhypopomus by an electroreceptive predator. 

In summary, predation avoidance is the strongest candidate as the 
driving force for the initial evolution of EOD complexity, in 
particular, the transition from primitive monophasy to biphasy. 
This conclusion is supported by three lines of evidence: (1) spectral 
comparison of monophasic and biphasic EODs; (2) demonstration 
that biphasic pulses are less detectable by a known electroreceptive 
predator; and (3) examples of specific adaptations (high voltage, 
geographic isolation and mimicry) that protect species with mono- 
phasic EODs. Sexual dimorphism in the second EOD phase of 
Brachyhypopomus spp. (Fig. 2) seems to be the secondary modifica- 
tion of an adaptation for signal crypsis. Evolutionary escape from 
predation has been cited as a key factor promoting adaptive 
radiation 25 . Thus spectral shifting may have contributed to the 
j success of this order in tropical South America. A key question is 
j whether signal muhiphasy evolved in any gymnotiforms outside the 
geographic range of their electroreceptive predators. Several extant 
I multiphasic gymnotiform taxa extend beyond the range of large 
! electroreceptive predators 23 (O. Macadar, personal communica- 
i tion), but their centres of distribution lie in the predator-rich 
I continental tropics and none could be argued to represent an 
i independent origin of multiphasy. 

A parallel story may emerge from Africa, where mormyrid electric 
! fish have undergone extensive radiation and an electroreceptive 
| predator, the catfish Clarias, serves as their major predator 26,27 . Nor 
I are electric fish entirely unique in having protective signal adapta- 
tions exploited by sexual selection. Ctenuchid moths evolved 
acoustic signals to alert predatory bats of their toxicity, and these 
signals have likewise been co-opted for mate attraction 28 * 29 . □ 



Methods 

An electric eel 1 m long was trained to receive food (goldfish) when it 
approached any playback of an electric field in its round aquarium (120 cm 
diameter, 60 cm deep). We played electric stimuli from a DC-coupled 5-cm 
carbon dipole at calibrated intensities equivalent to natural EODs 4 . DC offset at 
10 cm from the dipole centre was less than 0.05 u.V cm" 1 . Training stimuli 
included a wide variety of monophasic and biphasic digitized EODs. Experi- 
mental stimuli included the biphasic EOD of a female Brachyhypopomus 
pinnicaudatus and the same EOD with the second phase digitally removed 
(Fig. 3c, d). Trials were sequenced randomly. Playbacks of 1 min duration began 
while the eel rested on the tank bottom, at a distance of more than 60 cm from 
the electrode. A 'blind' assistant rewarded all electrotactic approaches with 
food. In the first set of trials, playback rate simulated a repeated social signal, 0.5 
s at 50 Hz alternated with 0.5 s at 200 Hz. In a second set of trials playing the 
truncated stimulus only, rate modulation had no effect on frequency of 
approach (19/21 trials with rate modulation compared with 19/20 trials at 50 
Hz). I measured EOD amplitudes (Fig. 4b) by methods published previously 4 . 
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World wheat grain yields increased substantially in the 1960s and 
1970s because farmers rapidly adopted the new varieties and 
cultivation methods of the so-called 'green revolution* 1 ^*. The 
new varieties are shorter, increase grain yield at the expense of 
straw biomass, and are more resistant to damage by wind and 
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rain 3,4 . These wheats are short because they respond abnormally 
to the plant growth hormone gibberellin. This reduced response 
to gibberellin is conferred by mutant dwarfing alleles at one of two 
Reduced height-I (Rht-Bl and Rht-D 1) loci 4 ' 5 . Here we show that 
Rht-Bl/Rht-Dl and maize dwarf-8 {d8)^ 7 are orthologues of the 
Arabidopsis Gibberellin Insensitive (GAI) gene*' 9 . These genes 
encode proteins that resemble nuclear transcription factors and 
contain an SH2-liice 10 domain, indicating that phosphotyrosine 
may participate in gibberellin signalling. Six different orthologous 
dwarfing mutant alleles encode proteins that are altered in a 
conserved amino-termina] gibberellin signalling domain. Trans- 
genic rice plants containing a mutant GAI allele give reduced 
responses to gibberellin and are dwarfed, indicating that mutant 
GAI orthologues could be used to increase yield in a wide range of 
crop species. 

Gibberellin is an essential endogenous regulator of plant 
growth". Rht-Blb and Rht-Dlbzre semidominant, altered function 
(rather than loss-of-function) mutant alleles of the Rht-1 height- 
regulating genes of wheat. These mutant alleles reduce plant height 
(Fig. la), reduce responses to gibberellin and increase in planta 
gibberellin levels 4312 * 13 . These properties are also characteristic of 
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mutant alleles of maize dfh' M and of the Arabidopsis gai allele** 9 "' 5 , 
indicating that these mutant alleles might define orthologous genes 
that are involved in gibberellin signalling. GAI (the wild-type allele) 
encodes a protein (GAI) containing features that are characteristic 
of transcription factors 9 . The gai allele encodes a mutant protein 
(gai), lacking 17 amino acids from near the amino terminus, that is 
thought to confer the altered gibberellin responses characteristic of 
the gai mutant 9 . Database searches revealed a rice expressed- 
sequence tag (EST; D39460) that encodes a potential polypeptide 
containing a sequence nearly identical to these 1 7 amino acids 16 . We 
used this EST to investigate whether the dominant dwarfing mutant 
alleles of GAi, Rht-1 and d8 identify orthologous genes in 
Arabidopsis, wheat and maize. 

D39460 was used to isolate wheat complementary DNA CI 5-1. 
The genome of bread wheat is hexaploid, consisting of three 
homoeologous chromosome sets (the A, B and D genomes). 
Analysis of lines lacking particular chromosomes (nullisomic) 
showed that CI 5-1 hybridized to genomic DNA fragments derived 
from wheat chromosomes 4A, 4B and 4D (Fig. lb), correlating with 
the location of the Rht-1 alleles (all known mutant Rht-1 alleles are 
on chromosomes 4B or 4D; ref. 5). Furthermore, restriction- 
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Figure 1 cDNAC15-1 maps to the Rht- 1 locus, a, Near-isogenic dwarf wheat lines: 
left, tall control (var. Mercia); centre, semi-dwarf Rht-B1b\ right, semi-dwarf Rht- 
0/6. b, Gel-blot hybridization of C15-1 with Dra 1 -digested DNA from wheat lines 
lacking individual group 4 chromosomes (nullisomic 4A-tetrasomic 4D, N4AT4D; 
nullisomic 4B-tetrasomic 4D, N4BT4D; nullisomic 4D-tetrasomic 4B, N4DT48), 
and euploid control (all var. Chinese Spring). Hybridizing fragments were 
assigned to chromosomes (4A, 4B and 4D) as shown, c, Partial linkage maps of 
wheat chromosomes 4B (ref. 26) and 4D. rice chromosome 3 (ref. 28), and maize 



chromosome 1 (ref. 29) showing the colinear'rty between regions containing 
C15-1, Rht-D fb and D8-1. A putative maize d8 genomic fragment (see text) also 
displayed tight linkage with umcl07 (not shown). Wheat 4B data are from the F ? 
of a Chinese Spring (CS) x Synthetic cross. Wheat 4D data are from the F 2 of a 
Hobbrt (contains Rht-D lb) x Synthetic cross; segregation for Rht~Dlb was 
assayed by seedling responses to gibberellin 12 . Map distances are in centi- 
Morgans (cM). 
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i fragment length polymorphism mapping showed that C15-1 is 
' tightly linked to Xpsrl871 (Pki), a marker that is itself tightly 
| linked with Rht-Dlb (Fig. 1c). Cereal genomes show substantial 
i conservation in gene order (colinearity). The region of wheat 
; chromosomes 4A, 4B and 4D to which CI 5-1 hybridizes is colinear 
I with a segment of rice chromosome 3, and with a segment of maize 
| chromosome 1 containing d8 (Fig. lc) ,? . These observations are 
! consistent with the hypothesis that the C15-1 transcript is derived 
| from one of the Rht-1 homoeoalleles. 

i We used C15-1 to isolate genomic DNA clones containing the 
| putative Rht-Bla and Rht-Dla (the Rht-Bl and Rht-Dl wild-type 
1 alleles 5 ) and maize d8 (the D8 wild-type allele 7 ) genes. The amino- 

acid sequences of the proteins encoded by wheat Rht-Dla (Rht- 
| Dla), maize d8 (d8) and Arabidopsis GAJ (GAI) and RGA (RGA) 

were compared (Fig. 2a; RGA is an Arabidopsis gibberellin signalling 



protein that is closely related to GAI; ref. 16). Rht-Dla and d8 
appear to be more closely related to GAJ than they are to RGA (per 
cent amino-acid identity, GAJ versus RGA is, respectively, 62 versus 
58% (Rht-Dla) and 62 versus 59% (d8)). The carboxy-terminal j 
—2/3 of all four proteins are very similar to each other and to the 
equivalent region of SCARECROW (SCR), a candidate transcrip- 
tion factor from Arabidopsis 9 '* 6 '" , and of LATERAL SUPPRESSOR 
(Ls), a tomato protein required for formation of axillary branches I 
during vegetative growth 19 . The N-terminal regions of the GAI/ j 
RGA/Rht-Dla/d8 proteins contain two regions of closely related j 
sequence (regions 1 and II in Fig. 2a). Regions I and II are found in j 
five gibberellin signalling proteins (GAJ, RGA, Rht-Dla, d8 and | 
also in Rht-Bla, the Rht-Bla gene product; Fig. 3a), but are not 
found in SCR or Ls, indicating that they may be responsible for ' 
the gibberellin-specific action of these proteins 9,16 . Furthermore, 
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Figure 2 Structural features of Rht-D1a, d8, GAI and RGA. a, Amino-acid 
sequence alignment comparing Rht-Dla. d8, GAI 9 and RGA' 6 . Gaps are intro- 
duced to maximize alignment. Exact matches are boxed in black, shaded boxes 
indicate conservative substitutions. Indicated regions of conserved amino-acid 
sequence are: I and II, N-terminal regions that are not present in SCR 18 or Ls 1 *; Hi 
and V, valine-rich regions; IV, nuclear-localization signal*-' 6 ; VI, LXXLL motif w ; VII, 
SH2-like domain. Residues defining leucine heptad repeats are indicated by 
closed circles. Star, potential site of tyrosine phosphorylation (this feature, leucine 
heptad repeats, regions III, V and VII, and the relative positions of all of these 
features/regions are characteristic of STATs; ref. 22). b, Amino-acid sequence 
alignment comparing sequence from region VII of Rht-D1a (residues 464-503) 



with those o1 previously recognized SH2 domains. Functionally significant 
residues are in bold and italicized. Numbers in parentheses refer to the number 
of intervening residues that are not shown. A typical SH2 domain is a peptide 
stretch of 100 amino acids containing an invariant arginine (/? with asterisk) that 
recognizes the phosphate group of phosphotyrosine. Following this arginine are 
other strongly conserved residues (diamonds). These residues, together with 
another upstream arginine or lysine {R or K with diamond), interact with the 
phosphate group, the tyrosine ring, and the polypeptide backbone of the 
ligand 20 - 2 '. Other regions of the SH2 domain are less conserved, although their 
three-dimensional structures are similar. Sequences shown are c-Ab1 M . c-Src w . 
PLC-r1N w , Dd-Stat 30 and StatBa* 
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j region I is substantially deleted in the Arabidopsis gai mutant, 
| confirming that this region is important for gibberellin signalling 9 . 

Analysis of the GAI/RGA/Rht-Dla/d8 sequences revealed an 
| SH2-like domain within the C-terminal section of the protein 
■ (region VII in Fig. 2; Fig. 2b). SH2 domains are associated with 
I phosphotyrosine signalling in metazoans 10 , and bind tyrosine- 
! phosphorylated polypeptides at an essential arginine residue. This 
| residue is invariant in SH2 domains and is found in the GAJ/RGA/ 
i Rht-Dla/d8 SH2-like domain (Fig. 2a, b). Alignment of the Rht- 
| Dla SH2-like domain with previously identified SH2 domains 
| reveals substantial conservation of the amino-acid sequence, 
! especially of those residues that assist in the binding of the 
j phosphorylated tyrosine to the invariant arginine 20 ' 21 (Fig. 2b). To 
our knowledge, this is the first identified putative SH2 domain in 
I plants. STAT (signal transducers and activators of transcription) 
proteins are transcriptional regulators that contain SH2 domains 22 . 
GAl/RGA/Rht-Dla/d8 are candidate transcription factors that 
contain an SH2-like domain, and display other features character- 
istic of STATs (for details, see Fig. 2a). Phosphotyrosine signalling 
may be involved in gibberellin- mediated plant growth regulation, 
using proteins similar to the STAT factors that mediate cytokine/ 
growth-factor control of growth in animals. 

Rht-Bl f Rht-Dl and d8 are defined by allelic series of semi- 
dominant mutations that confer differing severities of dwarfism 4 * 7 . 
To identify the molecular basis of these mutations, the DNA 
sequences of five mutant alleles {Rht-Blb y Rht-Dl b and three D8 
i alleles) were determined. Each allele contains a mutation that alters 
i the N-terminal region of the protein that it encodes (Fig. 3a). All 
! three maize mutant proteins (D8-1, D8-2023 and D8-Mpl), like 
Arabidopsis gai, lack regions of the peptide sequence. D8-1 and D8- 
2023 are, like gai y in-frame deletion mutations. In D8-1, D55 is 
replaced by a glycine, and 56-VAQK-59 are missing. This segment is 
very close to that deleted in gai, and falls within the highly conserved 
region 1 (Fig. 3a). D8-2023 lacks 87-LATDTVHYNPSD-98 from 
within the highly conserved region II (Fig. 3a). The D8-Mpl 
mutation is a 330-base pair (bp) deletion that extends from the 5' 
untranslated sequence through the presumed (normal) start ATG 
codon and ends at V84. Genetic analysis 6 indicates that D8-Mpl> like 
D8-1, makes an active product. Presumably, D8-Mpl translation 
initiates at M106 (or a subsequent methionine), and makes an N- 



terminally truncated product that lacks region I and most of region I 
II (Fig. 3a). j 

The Rht-Blb and Rht-Dlb mutations are both nucleotide sub- 
stitutions that create stop codons. In Rht-Blb, a T-for-C substitu- 
tion converts the Q64 codon (CGA) to a translational stop codon 
(TGA; Fig. 3a). In Rht-Dlb, a T-for-G substitution converts the E61 
codon (GGA) to a translational stop codon (TGA; Fig. 3a). The I 
similarity of the Rht-Blb and Rht-Dlb mutations presumably ' 
explains why they confer very similar severities of dwarfism 4 , j 
Genetic analysis indicates that both Rht-Blb and Rht-Dlb make 
active products 12 . It is possible that the short N-terminal peptide 
fragments encoded by Rht-Blb and Rht-Dlb confer the mutant 
phenotype. However, it is also possible that ribosomaJ scanning 
following translational termination at the mutant stop codons in 
Rht-Blb and Rht-Dlb permits translational reinitiation at one or 
other of the several methionines that closely follow these stop 
codons 23 , and that the resultant N-terminally truncated product 
confers the mutant phenotype. This seems more likely, as the D8- 
Mpl allele also encodes an N-terminally truncated product (see 
above). Thus Rht-Blb and Rht-Dl b y like D8-Mpl> apparently encode 
N-terminally truncated products that lack region I (Fig. 3a). 

Mutagenesis of Arabidopsis gai can generate apparent loss-of- 
function derivative alleles which confer a tall, rather than dwarf, 
phenotype 24 . These derivative alleles carry mutations that interrupt 
the gai open reading frame (ORF) 9 and thereby abolish gai function. 
Similarly, following fast -neutron mutagenesis, we obtained an 
apparent loss-of-function allele derived from wheat Rht-Blb. This 
new allele {Rht-Blg) confers a tall, gibberellin -responsive pheno- 
type, rather than the dwarf, gibberellin-resistant phenotype char- 
acteristic of its Rht-Blb progenitor. Gel-blot analysis showed that 
Rht-Blg lacks Cl 5-1 -hybridizing DNA derived from chromosome 
4B (the chromosome that carries Rht-Blb; Fig. 3b), indicating that 
Rht-Blg is a deletion mutation that abolishes Rht-Blb function. 

The demonstration that, for multiple independent mutant alleles, 
a heritable change in phenotype is associated with a mutation in a 1 
candidate gene is conventionally used as proof that the candidate 
gene is indeed responsible for the phenotype being studied. Here we 
have shown that, for three independent mutant d8 alleles, a heritable 
change in phenotype (dwarfism, reduced gibberellin response) is 
associated with a mutation in a candidate GA/-like gene. This shows 
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Figure 3 Dominant mutant alleles encode proteins with mutant N termini, a, N- 
terminal segments of predicted proteins encoded by mutant alleles gai, D8- 1.D8- 
2023, D8-Mpt, Rht-Blb and Rht-DW are compared with those of their respective 
wild-type alleles {GAI, d8, Rht-B1a and Rht-D1a). For each locus, the wild-type 
sequence is shown above and below the mutant sequence(s). Differences 
between wild-type and mutant sequences (deletions and substitutions) are 
highlighted in white, the position of translational stop codons is represented by an 
asterisk, and the previously identified highly conserved regions I and )l (Fig. 2a) 
are shown. All mutations alter the N-terminal region of their encoded proteins, and 
affect regions I and/or II. D8-2023 also carries a 6-bp deletion that removes one G 
and one A residue from 510GAGA513, and a nucleotide substitution that converts 



11 

T519 to A519 (with respect to d8 sequence; Fig. 2a, and data not shown). Because 
these altered residues are poorly conserved in GAI/RGA/Rht-Dla/d8. these 
changes are considered not to be of phenotypic significance. In wheat, Q64 of 
Rht-B1a is equivalent to Q62 of Rht-Dta, owing to a difference of two amino-acid 
residues in a poorly conserved N-terminal region (see text; data not shown), gai 
was isolated following X-irradiation mutagenesis'; all other mutant alleles shown 
are of spontaneous origin 4 - 6 - 7 , b, Gel-blot hybridization ol C15-1 with BamH\- 
digested DNA from Rht-B1a (var. Mercia), Rht-BW (Mercia near-isogenic line) 
andtwo/?A>r-S/g homozygotes. A hybridizing 2.5-kbeamHI fragment (assigned to 
chromosome 4B by nullisomic-tetrasomic analysis; data not shown) is missing in 
the Rht-Blg samples. 
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Figure 4 Basmati rice is dwarled by a construct containing the oa/ ORF. a. Primary 
transtormants were allowed to set seed (by self-pollination), and seedling 
gibberellirwesponse tests' 2 were performed on the progeny. Results from two 
independent transformant families are shown. Each pair ol seedlings consists of 
two seedlings from the same family: left, a segregant lacking the transgene and 

that we have cloned maize d8. The protein encoded by d8 is closely 
related to that encoded by the wheat GAJ-like genes (d8 shows 88% 
amino-acid identity with Rht-Bla and Rht-Dla), and these genes all 
map to the same region of the 'ancestral' cereal genome 17 . Thus it is 
reasonable to assume that maize d8 and the wheat GAJ-like genes are 
the same gene (are orthologues) in these two species. As a whole, our 
results show that each of five independent dominant mutant alleles 
(at d8 and Rht-1) is associated with a mutation in this orthologous 
GAJ-like gene, demonstrating that we have cloned Rht-1 and d8. 
The deletion in Rht-Blg provides further confirmation that Rht-Bl 
is an orthologue of Arabidopsis GAJ, and that Rht-Blb is a mutant 
allele of this cloned gene. 

Height reduction has been associated with yield increases and 
yield stability in a number of different crop species 3 . Dwarfing 
mutant alleles of GAJ, Rht-1 or d8 can now be used directly to reduce 
the height of diverse crops. As a test of this, we introduced 
constructs expressing the gai protein into Basmati 370 rice 
(Fig. 4a, b). This rice is commonly grown in northern and north- 
western regions of the Indian subcontinent. Basmati 370 grain is 
popular because it is long and slender, is translucent white, cooks 
well and has a pleasant aroma. However, the plants are tall, with 
weak culms (stems), and are highly susceptible to damage by wind 
and rain. This damage causes considerable yield losses and a 
reduction in grain quality. Previous attempts (using conventional 
breeding methods) to reduce the height of Basmati 370 while 
retaining its good qualities were not successful owing to loss of 
the unique characters for which it is valued. In our experiments, 
seedling segregants carrying the gai-expressing construct exhibited 
reduced responses to gibberellin, whereas segregants lacking the 
transgene responded normally to gibberellin (Fig. 4a). Adult plants 
carrying the transgene were dwarfed with respect to control segre- 
gants lacking the transgene (Fig. 4b). It is now possible to insert a 
single, genetically dominant, potentially yield-enhancing, dwarfing 
gene into the genome of any transformable crop, without the need 




displaying the classical elongation response to applied gibberellin; right, a 
segreganl that contains the transgene and is relatively unresponsive to the 
applied gibberellin. b. Adult plant phenotypes. Right, tall plant lacking the 
transgene is a segregant from the same family as the dwarf plant (left) that 
contains the transgene. 

for long-term conventional breeding programmes and with mini- 
mal disruption of genetic background. 

Our results show that Arabidopsis GAJ y wheat Rht-1 and maize d8 
are functional orthologues. Gibberellin signalling appears to be very 
similar in monocotyledonous and dicotyledonous plants, and may 
involve the interaction of an SH2-like domain with a phosphory- 
lated tyrosine residue. The mutations in the dominant dwarfing 
alleles of D8 and Rht-1, like the mutation in the gai allele, affect the 
N-terminal region of the proteins that they encode. Previously, we 
proposed that GAJ is a growth repressor whose action is opposed by 
gibberellin, and that gai is a mutant repressor that is relatively 
insensitive to the effects gibberellin 6 ' 9 . According to this view, our 
data show that a range of different N-terminal deletions and 
truncations convert GAl/Rht-Bla/Rht-Dla/d8 into mutant repres- 
sors that are less affected by gibberellin than the normal protein. 
This confirms the importance of this N-terminal region for gibber- 
ellin signalling and is also consistent with the 'altered function* 
mode of dominance exhibited by the dominant mutant alleles of 
GAJ, Rht-1 and dS 6 ' 7 ' 912 . Gibberellin elicits plant responses in a dose- 
dependent fashion 15 . The fact that different dominant mutant alleles 
of Rht-1 and d8 confer differing severities of dwarfism 4 " 7 indicates 
that one of the functions of GAI/RGA/Rht-B 1 a/Rht-D 1 a/d8 maybe 
to modulate the gibberellin dose -response. Different amino- termi- 
nal deletions and truncations may differentially alter the magnitude 
of response to a given gibberellin dose, and the structure of this 
amino- terminal region may be key to the modulator function of 
GAI/RGA/ Rht-Bl a/Rht-D la/d8. □ 



Methods 

Molecular cloning, DNA gel-blot hybridization and DNA sequencing. We 

isolated wheat cDNA and genomic DNA and maize genomic DNA clones using 
low-stringency library screens 25 . Wheat DNA gel-blot hybridizations were 
performed as described". Wheat genomic DNA clones were assigned to their 
chromosome of origin (4A, 4 B or 4 D) by identification of restriction fragments 



260 



£5© 1999 Macmillan Magazines Ltd 



NATURE | VOL 400 1 15 JULY 1 999 | www.nature.com 



letters to nature 



previously assigned through DNA gel-blot analysis of nuHisomic-tetrasomic 
lines. DNA sequencing was done using the Big Dye terminator cycle sequencing 
kit (Perkin Elmer). The entire coding sequence of each mutant gene {and of 
wild-type controls) was amplified from genomic DNA (using primers specific 
to Rht-Bl> Rht-Dl or d8, as appropriate) by PCR (GeneAmp XL PCR kit, Perkin 
Elmer). All wild-type and mutant Rht-1 alleles were amplified from homo- 
zygous material. Amplification products were cloned into the pGEM-T Easy 
vector (Promega). For each gene, we determined DNA sequences from at least 
two independent amplifications, thus avoiding potential PCR-induced errors. 
Generic analyses confirmed that the mutant D8-1 and Rht-Dlb sequences co- 
segregated with their respective mutant phenotypes. For D8-1, PCR analysis of 
the F, progeny of a D8-lid8 X d8ld8 cross revealed five dwarf (D8-l/d8) plants 
that were heterozygous for the deletion mutation associated with D8-1 (see 
text) and five tall (d8/d8) plants that did not carry this deletion. For Rht-Dlb, 
the associated nucleotide substitution (see text) was found in three dwarf (Rht- 
Dl b/Rht-D J b) but not in three tall (Rht-Dl a/Rht-Dl a) F 2 progeny of a 
Rht-Dl aJRht-Dl a X Rht-DlblRht-Dlb cross. 

Isolation of Rht-Blg. We irradiated 3,000 wheat seeds (var. Highbury, 
homozygous for Rht-Blb) with 3.0 Gy fast -neutrons. Rht-Blg was identified as 
a tall, gibberellin- responsive 12 segTegant in an M 2 family derived from self- 
pollination of an M, plant. 

Rice transformants. We generated transgenic rice plants expressing the 
Arabidopsis gai protein by particle-gun-mediated transformation 27 using a 
construct in which the gai ORF was expressed under the control of the maize 
ubiquitin promoter. Presence of the gat-containing transgene was verified by 
PCR amplification'. The progeny (derived from self-pollination) of six inde- 
pendent primary transgenic plants were tested for segregation of the transgene 
and for gibberellin response 12 . In all six families, the transgene and phenotype 
were perfectly co- segregated: all plants exhibiting a normal gibberellin response 
lacked a detectable transgene, and all plants exhibiting a reduced gibberellin 
response contained the transgene. Thus, the reduced gibberellin response 
phenotype is due to the transgene, and not to inactivation of genes resulting 
from insertion of the transgene into the rice genome, or to genetic variation 
generated by the transformation procedure per se. Control transformants 
containing the vector but lacking gai were not dwarfed (data not shown). 
Illustrations. The amino- acid sequence alignments in Fig. 2a were done using 
software from the Wisconsin Package (Genetics Computer Group) with default 
parameters. Alignments in Fig. 2b were made by eye. 
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The underlying causes of obesity are poorly understood but 
probably involve complex interactions between many neurotrans- 
mitter and neuropeptide systems involved in the regulation of 
food intake and energy balance. Three pieces of evidence indicate 
that the neuropeptide melanin-concentrating hormone (MCH) is 
an important component of this system. First, MCH stimulates 
feeding when injected directly into rat brains 1,2 ; second, the 
messenger RNA for the MCH precursor is upregulated in the 
hypothalamus of genetically obese mice and in fasted animals 1 ; 
and third, mice lacking MCH eat less and are lean 3 . MCH 
antagonists might, therefore, provide a treatment for obesity. 
However, the development of such molecules has been hampered 
because the identity of the MCH receptor has been unknown until 
now. Here we show that the 353-amino-acid human orphan G- 
protein-coupled receptor SLC-1 (ref. 4) expressed in HEK293 cells 
binds MCH with sub-nanomolar affinity, and is stimulated by 
MCH to mobilize intracellular Ca 2+ and reduce forskol in -elevated 
cyclic AMP levels. We also show that SLC-1 messenger RNA and 
protein is expressed in the ventromedial and dorsomedial nuclei 
of the hypothalamus, consistent with a role for SLC-1 in mediat- 
ing the effects of MCH on feeding. 
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The Arabidopsis RGA Gene Encodes a Transcriptional 
Regulator Repressing the Gibberellin Signal 
Transduction Pathway 

Aron L. Silverstone, Charles N. Ciampaglio, and Tai-ping Sun 1 

Developmental, Cell and Molecular Biology Group, Department of Botany, Box 91000, Duke University, Durham, 
North Carolina 27708-1000 

The recessive rga mutation is able to partially suppress phenotypic defects of the Arabidopsis gibberellin (GA) biosyn- 
thetic mutant gal -3. Defects in stem elongation, flowering time, and leaf abaxial trichome initiation are suppressed by 
rga. This indicates that RGA is a negative regulator of the GA signal transduction pathway. We have identified 10 addi- 
tional alleles of rga from a fast-neutron mutagenized gal -3 population and used them to isolate the RGA gene by 
genomic subtraction. Our data suggest that RGA may be functioning as a transcriptional regulator. RGA was found to 
be a member of the VHIID regulatory family, which includes the radial root organizing gene SCARECROW and another 
GA signal transduction repressor, GAL RGA and GAI proteins share a high degree of homology, but their N termini are 
more divergent. The presence of several structural features, including homopolymeric serine and threonine residues, a 
putative nuclear localization signal, leucine heptad repeats, and an LXXLL motif, indicates that the RGA protein may be 
a transcriptional regulator that represses the GA response. In support of the putative nuclear localization signal, we 
demonstrated that a transiently expressed green fluorescent protein-RGA fusion protein is localized to the nucleus in 
onion epidermal cells. Because the rga mutation abolished the high level of expression of the GA biosynthetic gene GA4 
in the ga 1-3 mutant background, we conclude that RGA may also play a role in controlling GA biosynthesis. 



INTRODUCTION 



Gibberellins (GAs) comprise a large family of diterpenoid 
compounds. Some of these are bioactive plant hormones 
controlling diverse growth and developmental processes, 
including seed germination, stem elongation, and flower de- 
velopment (Davies, 1995). Despite its complexity, the GA 
biosynthetic pathway has been well characterized by using 
biochemical techniques as well as studying mutants defec- 
tive in biosynthesis. (GA biosynthesis is reviewed in Hedden 
and Kamiya [19971.) In contrast, much less is known about 
how plants perceive GA and how the signal is transduced to 
control GA-regulated gene expression during plant growth 
and development. Biochemical studies using barley aleu- 
rone cells have demonstrated that GA is perceived on the 
external face of the plasma membrane (Hooley et at., 1991; 
Gilroy and Jones, 1994). However, the GA receptor has not 
yet been identified. 

Genetic approaches have been successful in identifying 
GA signal transduction mutants from a variety of species (re- 
viewed in Hooley. 1994; Ross, 1994; Swain and Olszewski, 
1996; Ross et al., 1997). GA response mutants fall into two 
phenotypic categories: elongated slender mutants and GA- 
unresponsive dwarf mutants. The recessive slender mutants 

1 To whom correspondence should be addressed E-mail tps@acpub 
duke edu; fax 919-613-8177 



behave as though their GA response pathway is constitu- 
tively activated; they can be further subdivided into GA- 
responsive and GA-unresponsive mutants. In contrast, the 
GA-unresponstve dwarfs are semidominant mutants whose 
phenotype resembles GA-deficient biosynthetic mutants. 
However, their dwarf phenotype cannot be rescued by ex- 
ogenous GA treatment. Therefore, these mutants appear to 
be impaired in GA perception or signal transduction. Unfor- 
tunately, most of these mutants are of species not amenable 
to facile map-based cloning and genetic manipulation. In 
Arabidopsis, the GA-responsive recessive slender mutant 
spindly {spy: Jacobsen and Olszewski, 1993; Jacobsen et 
al., 1996; Silverstone et al., 1997b) and semidominant semi- 
dwarf mutant gai, whose stem growth is unresponsive to ex- 
ogenous GA treatment (Koornneef et al., 1985; Peng and 
Harberd, 1993; Wilson and Somerville, 1995), have been 
characterized in detail. Because spy alleles are recessive, 
the SPY locus has been postulated to encode a negative 
regulator of GA response (Jacobsen and Olszewski, 1993). 
On the other hand, because gai is semidominant and the 
loss-of-function intragenic ga/ suppressors confer a wild-type 
phenotype, GAI was originally thought to be a redundant ac- 
tivator of the GA response pathway (Peng and Harberd, 
1993). However, further characterization of a null o/a/ mutant 
[gai-t6). using paclobutrazol, an inhibitor of GA biosynthetic 
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enzymes, demonstrates that this mutant is more resistant to 
paclobutrazol than is the wild type (Peng et al.. 1997). This 
result indicates that GAI may in fact also be a negative regu- 
lator of the GA response. Because spy is epistatic to gai, it 
was proposed that spy is downstream of gai on the GA sig- 
nal transduction pathway (Jacobsen et al.. 1996). 

Recently, we identified a new Arabidopsis locus, RGA (for 
repressor of the gal -3 mutant), involved in GA response 
(Silverstone et al., 1997b). Mutant alleles at this locus were 
isolated as recessive suppressors of the GA biosynthetic 
mutant gal-3, which is a nongerminating, male-sterile, ex- 
treme dwarf blocked in the first committed step of GA bio- 
synthesis (Koornneef and Van der Veen, 1980; Sun and 
Kamiya, 1994). Mutations at the RGA locus partially sup- 
press certain aspects of the GA-deficient phenotype of the 
gal -3 mutant, including the defects in stem elongation, 
flowering time, and leaf abaxial trichome initiation (Silverstone 
et al., 1997b). These results suggest that the wild-type RGA 
protein may function as a negative regulator of the response 
to GA. spy, on the other hand, is able to partially suppress 
all aspects of the gal mutant (Jacobsen and Olszewski, 
1993; Silverstone et al., 1997b). We recently proposed that 
the RGA and SPY loci may control separate branches on the 
GA signal transduction pathway based on epistatic analyses 
showing that the rga and spy mutations have an additive ef- 
fect in the gal -3 background (Silverstone et al.. 1997b). 
Subsequently, a fourth locus, PICKLE [PKL), that may be in- 
volved in a more specific set of GA responses, was identi- 
fied based on characterization of the pkl mutation that 
affects GA-induced differentiation of the seedling primary 
root (Ogas et al., 1997). 

Although SPY and GAI have been cloned, their exact 
functions are not well understood (Jacobsen et at.. 1996; 
Peng et al., 1997). SPY shows sequence similarity to Ser 
(Thr)-O-finked /V-acetylglucosamine (O-GlcNAc) transferases, 
which play an important role in regulating the activities (via 
glycosylation) of various nuclear and cytosolic proteins 
(Kreppel et al.. 1997; Lubas et al., 1997). The GAI gene en- 
codes a member of the VHIID regulatory protein family and 
has structural features indicative of a transcriptional regula- 
tor (Peng et al., 1997). 

To gain more insight into the function of the RGA protein 
in the GA response, we cloned the RGA locus by genomic 
subtraction. An additional 10 rga alleles, rga-18 through 
rga-27. were isolated from the M 2 generation of a population 
of gal-3 plants mutagenized by using fast-neutron (FN) 
bombardment. Four arbitrarily chosen FN alleles were ana- 
lyzed by genomic subtraction, and a DNA fragment deleted 
in rga-20 was identified. DNA sequence analyses of the RGA 
gene indicated that RGA is also a member of the newly iden- 
tified VHIID family of plant regulatory proteins (Di Laurenzio 
et al., 1996). RNA expression studies showed that the RGA 
gene is ubiquitously expressed in different tissues and may 
also play a role in regulating GA biosynthesis. Nuclear local- 
ization of RGA was illustrated by the location of a green flu- 
orescent protein (GFP)-RGA fusion protein in a transient 



expression system. The rga mutant was identified in the 
wild-type GAI background, and it does not have a dramatic 
phenotype. 



RESULTS 

Cloning of the RGA Locus by Genomic Subtraction 

Previously, we had isolated 17 independent rgal gal -3 mu- 
tants from ethyl methanesulfonate-mutagenized ga 1- 3 seeds 
(Silverstone et al., 1997b). Our initial mapping of the RGA 
gene indicated that it was far from any known marker 
(Silverstone et al., 1997b), precluding the use of map-based 
cloning. To use the genomic subtraction technique (Sun et 
al.. 1992a) in cloning the RGA gene, we isolated an addi- 
tional 10 mutant alleles of rga (rga- 18 through rga-27) from 
an FN-mutagenized population of gal-3 mutants. FN bom- 
bardment of seeds generates DNA rearrangements and 
large deletions (Koornneef et al., 1982; Shirley et al., 1992; 
Sun et al., 1992a; Bruggemann et al., 1996; Cutler et al., 
1996). Because there had been no quantitative measure of 
the frequency with which FN causes large deletions in Arabi- 
dopsis, we chose four of our FN-induced rga alleles (rga-18 
through rga-21) randomly and analyzed them by using ge- 
nomic subtraction. The four alleles were examined by sub- 
jecting gal-3 DNA to five rounds of subtraction with 
biotinylated genomic DNA from the respective rgal gal -3 
mutant. Afterward, the remaining DNA was amplified and 
cloned into the pBluescript SK+ plasmid. Individual clones 
were analyzed for a deletion in the rga/ga 1 -3 mutant by DNA 
gel blot analyses. 

We identified a 450-bp DNA fragment (in pRGl) that was 
deleted in rga-20 but present in the other three alleles ana- 
lyzed by genomic subtraction. This fragment is also present 
in gal-3 and Landsberg erecta (Ler; Figure 1A). The insert in 
pRG1 was used as a hybridization probe to isolate overlap- 
ping genomic clones pRG2 and pRG3 from a pOCA18 ge- 
nomic library (Olszewski et al., 1988) (Figure 2). The genomic 
DNA corresponding to the inserts in pRG2 and pRG3 was 
completely deleted in rga-20 (Figures 1 and 2). A DNA gel 
blot containing Hindlll-digested genomic DNA isolated from 
nine FN rgal gal- 3 alleles was hybridized with a DNA probe 
containing the 2.5-kb left distal end of the insert DNA in 
pRG3. Figure IB shows that two additional alleles, rga-24 
and rga-26, also had at least 3-kb deletions (1- and 2-kb 
Hindlll fragments) in this region. We did not obtain any ge- 
nomic clones from the pOCA18 library that extended be- 
yond the left distal end of the insert in pRG3, probably 
because the library used was amplified from a fraction of the 
original library. 

We then screened for additional genomic clones from a 
\GEM-11 ecotype Columbia (Col-0) Arabidopsis genomic 
DNA library. A 2-kb Hindlll fragment that was cloned from 
the left end of pRG3 was used to identify three additional 
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genomic clones: ARG1, XRG2. and XRG3 (Figure 2). These 
clones were used to map the deleted regions in rga-24 and 
rga-26 as well as the left junction of the deletion in rga-20 by 
using DNA gel blot analyses (Figures 1C and 2). rga-20 has 
at least a 33-kb deletion, rga-24 an 8.4-kb deletion, and rga-26 
a 5.9-kb deletion. The 2-kb Hindlll DNA fragment, which is 
completely missing in all three rga deletion alleles, was then 
used as a hybridization probe to identify a putative RGA 
transcript by RNA gel blot analysis. This putative RGA 
mRNA is 2.4 kb and is present in ga 7- 3 but absent in rga-20, 
rga-24, and rga-26 (data not shown). Subsequently, we iso- 
lated three cDNA clones by screening the XPRL2 Arabidop- 
sis cDNA library with the 2-kb Hindlll fragment. The largest 
clone (pRG20) carries a 2.3-kb DNA insert containing an 
open reading frame of 1921 bp that encodes a 587-amino 
acid protein with a 64-kD predicted molecular mass and is 
likely to be a full-length cDNA because there is a stop codon 
three nucleotides upstream of the ATG start site. 

DNA sequence analysis of the genomic DNA revealed that 
the RGA locus has an uninterrupted 1921 -bp open reading 
frame with no introns. To prove that the cloned pRG20 cor- 
responds to the RGA locus, we characterized the molecular 
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Figure 1. Detection of Deletions in FN-Generated rga Alleles 

Shown is autoradiography of DNA gel blots containing Hindlll- 
digested genomic DNA isolated from Col-0. Ler. gal 3, and FN-gen- 
erated rga/ga 7 -3 mutants. The radiolabeled probes are as indicated 

(A) The 450-bp Sau3A fragment from pRGI . 

(B) The 6-kb BamHI Kpnl DNA fragment from pRG3, which includes 
the 2 5 kb left distal end of the insert DNA 

(C) The Avrll DNA fragment (15 kb) that contains the entire insert 
DNA of the XRG2 clone 

The arrows at right in (A) and (B) indicate Hindlll fragments near the 
RGA locus The arrows at left in (C) indicate Hindlll fragments (5, 
3.5, 2. 1.4, 1.2, and 1 0 kb, top to bottom) that are absent in the rga/ 
gal -3 deletion mutants. The new Hindlll fragments present in the 
deletion mutants are indicated by the arrows at right. 
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Figure 2. Physical Map around the RGA Locus. 

The heavy horizontal line shows a Sail (S) and Hindlll (H) restriction 
map around the RGA locus The asterisk indicates a Hindlll site that 
is only present in Ler but not in Col-0. Distances between restriction 
sites are indicated in kilobases The thin horizontal lines labeled Ge- 
nomic Clones indicate where the original deleted fragment, pRGI, 
isolated by genomic subtraction, maps in relation to the five overlap- 
ping genomic clones The dashed lines indicate the deleted regions 
in the three rga deletion alleles. The right distal end of the deletion in 
rga-20 has not been identified because it is beyond the right distal 
end of this map. The locations of the left junction of the deletion in 
rga-20 and both ends of deletions in rga-24 are within the Hindlll 
fragment indicated on the map However, the exact end points have 
not been determined The wavy line depicts the coding region of the 
RGA locus. The 2-kb Hindlll fragment is locaVed within the deleted 
regions in all three rga deletion alleles and has been used as a hy- 
bridization probe in DNA and RNA blot analyses, as described in the 
text. 
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lesions in five of the rga alleles. DNA gel blot analysis using 
the radiolabeled 2.3-kb RGA cDNA as a probe indicated that 
the entire coding region for the RGA gene is deleted in rga-20 
and rga-24 (data not shown). By using DNA sequence analy- 
sis, we found that 4.2 kb upstream of the ATG start site and 
1.7 kb of the coding region of the RGA gene had been de- 
leted in rga-26 (data not shown). Besides the three FN alleles 
with large deletions, we also identified single nucleotide 
changes in two ethyl methanesulfonate alleles. In rga- 7, the 
third base in the codon for Trp-521 (TGG) is mutated from G 
to A, creating a stop codon (TGA) mutation that resulted in a 
C-terminal truncation; in rga-2, there is a missense mutation 
formed when the first base in the codon for Asp-478 (GAT) is 
mutated from G to A, which resulted in Asn-478 (AAT) (Figure 
3). These results confirm that we have cloned the RGA gene. 



RGA Is a Member of the VHIID Protein Family 

There are several interesting regions in the predicted RGA 
protein sequence. RGA contains homopolymeric regions of 
serine and threonine at the N terminus and leucine heptad 
repeats (Figure 3). RGA also has, beginning at Leu-423, an 
LHKLL motif, which is identical to the consensus sequence 
LXXLL (where X stands for amino acid) that was recently 
demonstrated to mediate the binding of steroid receptor co- 
activator complexes to nuclear receptors (Heery et al., 1997; 
Torchia et al., 1997). PSORT analysis (Nakai and Kanehisa, 
1992; http://psort.nibb.ac.jp/) indicated a high likelihood of 
nuclear localization of the RGA protein, and it identified a 
putative bipartite nuclear localization signal (NLS) beginning 
at Arg-258. The sequence RKVATYFAELARRIYR fits well 
with the consensus of bipartite NLSs (Raikhel, 1992). Amino 
acid sequence comparison between the RGA sequence and 
those in the database indicated that RGA is a member of the 
VHIID family of regulatory proteins. RGA has some homol- 
ogy to SCR. which regulates cellular differentiation in Arabi- 
dopsis roots (Di Laurenzio et al.. 1996). In their conserved 
regions, amino acids 176 to 580 in RGA and 245 to 649 in 
SCR are 38% identical and 44% similar. 

While preparing this article, we found that RGA was also 
cloned recently by two other groups. In their search for pro- 
teins regulating nitrogen metabolism, Truong et al. (1997) 
identified two homologous Arabidopsis cDNAs that would 
complement the yeast gln3 gdhl strain, which is affected in 
the regulation of nitrogen metabolism. They named the cDNAs 
RGA1 (GenBank accession number Y11336) and RGA2 
(GenBank accession number Y11337), for restoration of 
growth on ammonia, and characterized them as VHIID pro- 
tein family members. By a particularly ironic twist of fate, 
RGA1 is identical to RGA. Also. Peng et al. (1997) recently 
cloned the GA signal transduction mutant gene GAI. In the 
course of their study, they also cloned a homologous gene, 
which they termed GRS (for G/A/-related sequence). How- 
ever, they only present the sequence data of this gene. After 



receiving the preprint of the paper by Peng et al. (1997) from 
N. Harberd, we found that GAI is identical to RGA2 snd GRS 
is identical to RGA {RGA 7). Although Truong et al. (1997) 
used a heterologous system to identify RGA 7 and Peng et 
al. (1997) only report a GAI homologous sequence, these re- 
ports did not illustrate the function of RGA in plants. How- 
ever, we have cloned the RGA locus based on its mutant 
phenotype and have demonstrated clearly RGA's important 
role in mediating GA signal transduction. 

Two other full-length members of the VHIID family in Ara- 
bidopsis have recently been identified in contigs at the top 
of chromosome 4 sequenced by the European Union Arabi- 
dopsis Genome Project. The first in contig ATFCA8 (Gen- 
Bank accession number Z97343) is located at nucleotides 
26.164 to 28,937. The second is located in contig ATAP22 
(GenBank accession number Z99708) at nucleotides 62,096 
to 63,475. Because the deduced amino acid sequences of 
these two proteins have similar degrees of homology to the 
first three VHIID proteins, we named the former VHS4 and 
the latter VHS5 (for VHIID homologous sequence). RGA 
shows 41% identity and 52% similarity with VHS4 versus 
24% identity and 33% similarity with VHS5. 

The alignment between RGA. GAI, SCR, VHS4, and VHS5 
sequences shown in Figure 3 demonstrates that they all 
contain the central VHIID conserved region. By comparing 
RGA with the rest of the VHIID family members, we found 
two additional conserved motifs besides the VHIID domain 
(Figures 3 and 4). We have named the one located at the C 
terminus the RVER domain for the presence of this con- 
served set of amino acids. At the N terminus, there is the 
acidic DELLA domain, which is present only in RGA and 
GAI. Besides these fully sequenced genes, there are a num- 
ber of partially sequenced expressed sequence tags (ESTs) 
from various plant species as well as a sequence-tagged 
site from maize that show homology to RGA and appear to 
be in the VHIID family. Alignments of their DELLA. VHIID, 
and RVER domains with those of the completely sequenced 
proteins are shown in Figures 4 A to 4C. 



Nuclear Localization of the RGA Protein 

Because the predicted RGA amino acid sequence has fea- 
tures that are found in transcription regulators, including a 
putative NLS, we constructed a cauliflower mosaic virus 
(CaMV) 35S promoter: :GFP-RGA gene fusion that could be 
used in transient assays (Varagona et al.. 1992; Haseloff et 
al., 1997). After biolistic bombardment of an onion epidermal 
layer with a CaMV 35S:;GFP control construct or this re- 
porter construct, the GFP signal from the control was ob- 
served in 110 cells to be always in both the cytoplasm and 
nucleus (Figures 5A and 5B), where it has been shown to ac- 
cumulate (Haseloff et al., 1997). In contrast, the GFP-RGA 
fusion protein is located exclusively in the nucleus in 89 cells 
examined (Figures 5C and 5D), indicating that the RGA se- 
quence targets the fusion protein to the nucleus. 
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Figure 3. Amino Acid Sequence Alignment of the RGA Protein Compared with Other Members of the VHHD Protein Family. 

RGA sequence {Ler allele) is compared with GA1 (Peng et al.. 1997; Truong et al.. 1997), SCR (Di Laurenzio et al.. 1996). VHS4 (GenBank acces- 
sion number Z97343), and VHS5 (GenBank accession number Z99708). Identical residues conserved between RGA and at least one other family 
member are displayed in reverse type, and similar residues are in gray boxes. Gaps introduced to improve the alignment are indicated by dots 
and sequence truncations by wavy dashes The mutation in rga- 7, marked above the RGA sequence with an asterisk, changes Trp-520 to a stop 
codon, and the mutation in rga-2, indicated with an N, converts Asp-478 to Asn-478. The acidic DELLA motif is marked by an overhead stippled 
bar. The conserved VHHD sequence is indicated by thick solid lines above and below the sequences. The RVER motif is marked by an overhead 
gray bar. The homopolymeric Ser/Thr stretches are indicated by overhead bars with thin stripes. The Leu heptad repeal residues are marked 
with an open diamond. The putative NLS is indicated by a double line, and the LXXLL motif by a striped bar The sequence alignment was done 
using the Pileup program. The boxes were drawn using the BOXSHADE web site (http //ulrec3 unil ch/software/BOX_form.html) 
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Figure 4. Three Conserved Domains Revealed by Sequence Alignment between RGA, Other Cloned Genes, and ESTs. 

Residues conserved between RGA and at least one other family member are displayed in reverse type for identical residues and in gray boxes 
for similar residues. Gaps introduced to improve the alignment are indicated by dots, and sequence truncations are depicted by wavy dashes 
AH short sequences are ESTs except for one maize sequence, which is from a sequence-tagged site (G10786) They are labeled according to 
their GenBank accession numbers. The sequence alignment was done using the Pileup program. The boxes were drawn using the BOXSHADE 
web site (http://ulrec3 uni) ch/software/BOXJorm.html) 

(A) The N-terminal DELLA domain. 

(B) The central VHIID domain. 

(C) The C-terminal RVER domain. 

The three motifs are indicated as given in Figure 3. The point mutations in the rga-1 and rga-2 mutant alleles are marked above the sequence 
A. r, Arabidopsis thaliana, A. s.. Avena sativa: B n , Brassica napus: H v., Hordeum vulgare. O. s., Oryza sativa: Z. m.. Zea mays. 



Map Position of the RGA Locus 

The RGA cDNA and genomic DNA clones came from Col-0 
libraries. Because our rga/gaT-3 mutants were all in the Ler 
background, we also determined the DNA sequence of the 
Ler wild-type allele of RGA when we searched for the point 
mutations in rga-1 and rga-2. Four single-nucleotide poly- 
morphisms were found between the wild-type Ler and Col-0 
alleles of RGA. Three are silent changes, but one causes an 
alteration of the final amino acid residue of the RGA protein 
(His-587 in Ler and Tyr-587 in Col-0). This last polymor- 



phism also resulted in the presence of an Rsal site in Col-0 
that is absent in Ler. Although we have previously published 
a weak linkage for RGA at the bottom of chromosome 3 
(Silverstone et al. ( 1997b), we were unable to find any mark- 
ers that were closely linked to confirm the observation. The 
Rsal polymorphism between the Ler and Col-0 alleles al- 
lowed us to design a cleaved amplified polymorphic se- 
quence marker that would distinguish between the two 
ecotypes for mapping by means of the recombinant inbred 
lines (Lister and Dean, 1993). Using this approach, we found 
that the RGA locus maps very close to the top of chromo- 
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some 2. This agrees well with the results from Peng et al. 
(1997). who indicated (as unpublished data) that they had 
mapped GRS to the top of chromosome 2, and Truong et al. 
(1997), who mapped RGA 7 to three yeast artificial chromo- 
somes that map to the top of chromosome 2. 



Identification of the rga/GAI Mutant 

Previously, we had surmised that rga/GAI plants must have 
a subtle phenotype because we could not identify them in 
the F 2 generation of a cross between rga-2lgal-3 and Ler 
(Silverstone et al., 1997b). We subsequently identified rga-21 
GA1, as described in Methods. These plants were a little 
paler than wild-type Ler plants, but they did not have any 
dramatic phenotype, and they were similar to Ler with re- 
spect to final height, flowering time, and fertility under long- 
day conditions (data not shown). 

Ubiquitous Expression Pattern of RGA 

To determine whether the regulation of RGA gene expres- 
sion was involved in controlling GA-mediated growth, we 
measured the levels of the RGA mRNA in a number of tis- 
sues, including seedlings, roots, rosette leaves, whole ro- 
sette plants, bolting stems, mature stems, flower buds, 
young siliques. and mature siliques (Figures 6 and 7A). We 
found that RGA was expressed ubiquitously in all tissues 
examined. Quantitative analyses using cyclophilin as a load- 
ing control (Lippuner et al., 1994) indicated that the levels of 
RGA mRNA between tissues did not differ greatly (Figure 6). 

Previously, we proposed a model of GA signal transduc- 
tion that consisted of two branches that converge to regu- 
late several common developmental processes, including 
stem elongation, flowering time, and leaf abaxial trichome 
initiation (Silverstone et al., 1997b). Our hypothesis was that 
the plant could achieve finer control over these events by 
manipulating the signal flowing through the two pathways. 
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Figure 5. Nuclear Localization of the GFP-RGA protein. 

(A) and (B) The control GFP protein. 

(C) and (D) The GFP-RGA fusion protein. 

The proteins are transiently expressed in onion epidermal cells. Indi- 
vidual cells are seen in a differential interference contrast image ([A] 
and [C]) and a corresponding epifluorescence image (IB) and [D)). 
respectively 
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Figure 6. Expression Pattern of the RGA Gene 

Shown is autoradiography of an RNA blot containing 10 of total 
RNA isolated from different tissues, as labeled. Rosette plants are 
the 2-week-old aerial portion of the plant, roots are from tissue cul- 
ture, rosette leaves are from 3.5- to 4-week-old plants, bolting 
stems are from 2-cm tall plants (~3 weeks old), elongated stems are 
from the bottom internode of 3.5- to 4-week-old plants, young siliques 
were 5 to 7 mm long, mature siliques had fully developed seeds be- 
fore desiccation, and flower clusters had the terminal inflorescence 
with developing buds and open flowers The blot was hybridized 
with radiolabeled RGA cDNA and then reprobed with radiolabeled 
cyclophilin (CyF) as a loading control The numbers below the blot 
indicate the relative amount of RGA mRNA after standardization, us- 
ing cyclophilin as a loading control The level of RGA mRNA in the 
rosette plant was arbitrarily set as 1 .0 



Therefore, if one of the branches were constitutively acti- 
vated, as in the spy or rga mutant, then the other branch 
could be inhibited to compensate. This inhibition could oc- 
cur by altering gene expression of GA response compo- 
nents and/or by modifying their protein activities. 

We compared RGA expression in wild-type Ler seedlings 
to seedlings in a variety of mutant backgrounds, including 
the GA biosynthetic mutants gal -6 (leaky) and gal -3 (null) 
and the signal transduction mutants rga, spy, and gai. both 
in the wild-type GAI background and mutant gal -3 back- 
ground (Figure 7A). Seedlings of these different plant lines 
grown for 10 days in Murashige and Skoog (MS; Murashige 
and Skoog, 1962) medium alone were compared with those 
grown in MS medium containing 1 u.M GA 3 . Changes in 
RGA expression were quantified by using cyclophilin as a 
loading control (Figure 7A). Expression of RGA was slightly 
lower in the GA biosynthetic mutants gal-3ar\6 ga 1 -6 than 
in wild-type Ler in the absence of exogenous GA. Except in 
the ga/ mutant background, there was a slight increase (less 
than twofold) in RGA mRNA levels in all other genetic back- 
grounds in response to GA application. 

Because RGA2 shares 82% identity and 85% similarity 
with RGA, we thought that RGA2 may also be involved in 
GA response. We also examined the RGA2 gene expression 
pattern in different GA biosynthetic or signal transduction 
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Figure 7. Expression of RGA and RGA2 [GAI) in the Wild Type. GA Biosynthetic Mulants. and GA Response Mutants 

Shown is autoradiography of RNA blots containing 10 ^g of total RNA isolated from wild-type Ler and various GA biosynthetic and signal trans- 
duction mutants, as labeled RNA samples were isolated from seedlings grown in media with (+) or without (-) 1 (xM GA 3 The arrows at right in 
(A) and (B) indicate the sizes of the transcripts 

(A) Blot hybridized with the radiolabeled 2.3- kb RGA cDNA and reprobed with cyclophilin (CyP). The numbers below each lane indicate the rela 
tive amounts of RGA mRNA after standardization, using CyP as a loading control The value of Ler (-GA) was arbitrarily set as 1.0. 

(B) Blot probed with a radiolabeled 0 65- kb RGA2/GAI DNA fragment and reprobed with CyP. The relative amount of RGA2 mRNA is given be- 
low each lane, and the value of Ler (- GA) was set as 1 0. 



mutant backgrounds. The pattern of expression we ob- 
served for RGA2 was similar to that of RGA (Figure 7B). The 
difference between expression of the two genes was in the 
Ler background, where no increase is seen in RGA2 expres- 
sion in response to GA treatment. Now that RGA2 is known 
to be GAI, the similar expression patterns of these two GA 
response genes is particularly interesting. 

Regulation of GA Biosynthesis 

Several of the GA biosynthetic genes have been shown to 
be under feedback control by GA action, including the GA 



20-oxidase genes (Phillips et al., 1995; Xu et al., 1995) and 
GA4 that encodes the 3fS-hydroxylase, which catalyzes the 
production of bioactive GAs (Chiang et al., 1995). In the gal -3 
mutant, which has very low levels of GAs, expression of 
these genes is elevated, whereas expression in both the gal -3 
mutant and wild-type plants can be inhibited by GA applica- 
tion. The gai mutant is a semidwarf plant blocked in GA sig- 
naling, yet it accumulates high levels of GAs (Koornneef et al., 
1985). Although GA biosynthesis is upregulated, the gai mu- 
tant is not able to respond to the increased GA levels. Thus, 
GA activity has been proposed to modulate GA biosynthesis 
through feedback inhibition. To determine whether RGA is 
involved in the regulation of GA biosynthesis, we examined 
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GA4 expression in the different GA biosynthetic and signal 
transduction mutant backgrounds (Figure 8). GA4 mRNA 
level was elevated in the gal -3 and spy/ gal -3 mutants only, 
but not in the rga/gal-3 mutant. In both ga7-3and spylgal-3. 
the induction of GA4 expression was inhibited by the appli- 
cation of GA. 



DISCUSSION 

We have cloned the RGA locus by using genomic subtrac- 
tion. Although the RGA sequence is identical to two recently 
reported genes (Peng et al. r 1997; Truong et al., 1997), this 
study goes beyond these two reports by demonstrating its 
biological role as a repressor of GA signal transduction. The 
RGA protein belongs to the VHIID family of regulatory pro- 
teins, whose members include SCR and GAI. All three pro- 
teins have features indicating that they are transcriptional 
regulators, and we further showed that the GFP-RGA fusion 
protein is localized in the nucleus of onion cells in a transient 
assay (Figure 5). RGA and GAI share a high degree of ho- 
mology, and both proteins have been suggested to function 
in GA signal transduction. Based on our analysis of rga and 
gai mutant phenotypes (see below) and comparison of the 
RGA and GAI sequences, we postulate that the two proteins 
may have overlapping, but not completely redundant, func- 
tions in controlling the GA response pathway. 

Genomic Subtraction Technique 

We have previously shown the utility of the genomic sub- 
traction technique to clone an Arabidopsis gene (Sun et al.. 
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Figure 8. Expression of the CA4 Gene in GA Biosynthetic and Re- 
sponse Mutant Backgrounds 

Shown is autoradiography of RNA blots containing 10 of total 
RNA isolated from various GA biosynthetic and signal transduction 
mutants, as labeled RNA samples were isolated from seedlings 
grown in media with ( + ) or without (-) 1 GA 3 The blot was 
probed with the radiolabeled 1.4-kb GA4 cDNA and then reprobed 
with cyclophilin {CyF) as a loading control 



1992a) by using an FN-induced mutant that was likely to 
contain a large deletion based on genetic fine-structure 
mapping (Koornneef et al., 1983). In this study, we have 
demonstrated that the genomic subtraction technique can 
be used effectively to isolate genes using FN-induced mu- 
tant alleles without prior genetic evidence that one or more 
alleles carry deletions. We found that 33% (three of nine) of 
our FN rga alleles had large deletions affecting the RGA 
gene. In a recent study using FN mutagenesis to identify hy4 
mutants, Bruggemann et al. (1996) found that 15 of 20 mu- 
tants contained large (at least 5 kb) deletions. Although the 
deletion frequency is locus dependent, with a sufficient 
number of FN alleles (at least four or five), time-consuming 
fine-structure genetic mapping is not necessary to identify 
alleles with large deletions before genomic subtraction is 
performed. 

Coding regions in the Arabidopsis genome are very 
densely organized, with one gene on average every 5 kb 
(Goodman et al., 1995). It is interesting that the rga- 20/ gal -3 
mutant, which has a deletion of at least 33 kb, differs from 
the other rga/ gal -3 mutants only in its reduced germination 
rate, even in the presence of GA. This suggests that no other 
major genes are likely to be present in this region. 



Characterization and Function of the VHIID Family 
of Regulatory Proteins 

Three proteins identified by studies of mutants (RGA, GAI, 
and SCR) are members of the VHIID family defined by Di 
Laurenzio et al. (1996). Using the RGA amino acid sequence 
to search the database with the BLAST program (Altschul et 
al., 1990), we have identified two additional completely se- 
quenced Arabidopsis genes from the genome project (VHS4 
and VHS5), a number of ESTs from Arabidopsis, and ESTs 
from rice, oat, oilseed rape, and maize with sequence simi- 
larity. Three regions of conserved sequence, including an 
acidic N-terminal DELLA domain, a middle VHIID domain, 
and a C-terminal RVER domain, have been identified (Fig- 
ures 4A to 4C). The DELLA domain may be particular to GA 
response regulatory proteins because it is found only in 
RGA, GAI, and one rice EST (GenBank accession number 
D39460). The full-length sequence of this putative rice RGA 
and GAI homolog may prove to be interesting. The epony- 
mous VHIID box is more accurately labeled as a (V/I)H(V/I)- 
(V/I)D box because positions 1, 3, and 4 can be either valine 
or isoleucine (Figure 4B). Because the RVER domain ap- 
pears in many VHIID sequences (Figure 4C), this domain 
may be important for the function of the proteins. So far, the 
VHIID proteins are found in diverse plant species but not in 
yeast, prokaryotes, or animals. They are probably ubiquitous 
in but unique to plants. 

A stretch of 23 amino acids at the C-terminal end of RGA 
shows 78% identity to the N terminus of a barley protein 
CDR29 (Figure 4C) that is homologous to acyl-CoA oxidases 
from a variety of species (Grossi et al., 1995). However, the 
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domain of CDR29 that shares homology to RGA is not in the 
conserved acyl-CoA oxidase region, cdr 29 expression is in- 
duced in barley in response to both dehydration and cold 
stress (Stanca et a!.. 1996). Because GA is important in 
modulating a plant's response to environmental stimuli, this 
homologous domain may interact with other factors during 
periods of environmental stress. 

The VHIID proteins may be transcriptional regulators. SCR 
has a number of characteristic features, including a putative 
NLS. homopolymeric Gin, Pro, and Ser, basic leucine zip- 
per, and acidic regions (Di Laurenzio et al., 1996). RGA and 
GAl have a putative NLS, Leu heptad repeat regions, and 
the LXXLL motif, and RGA also has homopolymeric Ser and 
Thr stretches. SCR is proposed to be a transcriptional acti- 
vator. In contrast, RGA and GAl may be either transcrip- 
tional repressors that block transcription of genes involved 
in GA-regulated growth and development or they may be 
transcriptional activators that promote expression of such a 
repressor. In a transient assay using onion epidermal cells, 
we detected the GFP-RGA fusion protein exclusively in the 
nucleus {Figure 5). This provides direct evidence that RGA 
can be properly targeted to the plant cell nucleus. Truong et 
al. (1997) found that RGA (RGA1) and GAl (RGA2) behaved 
as transcriptional activators in a heterologous system to al- 
low a yeast gln3 gdhl strain to live on ammonia as a nitro- 
gen source. Whether the roles of RGA and GAl in yeast are 
similar to their roles in plants is not clear. There does not ap- 
pear to be a yeast homolog of either RGA or GAI. In addi- 
tion, the rga and gai mutant phenotypes do not display any 
defects in nitrogen metabolism. 



Interaction between RGA and GAl 

The gai mutant was found to have a 17-amino acid in-frame 
deletion, which may keep the gai protein constitutively ac- 
tive {Peng et al., 1997). This deletion is located within the 
DELLA domain, which is unique to RGA, GAI, and one rice 
EST. Consequently, the DELLA domain may be important 
for GA signal perception or protein deactivation. 

Similarity in chemical structure between GA and mamma- 
lian steroid hormones has led to the long-standing hypothe- 
sis that the two systems shared a similar method of perception 
and gene regulation. However, there have not been any pro- 
teins from plants identified that are homologous to the ste- 
roid hormone receptors. The LXXLL motif, recently identified 
in a number of steroid receptor coactivators (SRCs) and re- 
sponsible for SRC binding to steroid receptors in the nu- 
cleus (Heery et al., 1997, Torchia et al., 1997), is also found 
in two GA signal transduction components. GAI {Peng et al., 
1997) and RGA. 

Although RGA and GAI are very homologous and may 
share some role in regulating GA signal transduction, they 
are not completely functionally redundant. Otherwise, the 
rga mutation would not manifest a phenotype in the gal -3 
background. The N termini of RGA and GAI comprise the 



most divergent region, suggesting that this region is impor- 
tant for functional differences between the two proteins. 
Both proteins have leucine heptad repeats that may be in- 
volved in protein-protein interactions. Thus, they may form 
either homodimers or even heterodimers. 

In the wild-type background, the rga phenotype is subtle, 
as is the phenotype of the ga/ null mutant gai-t6 (Peng et al., 
1997). The rga/GAl plants are a paler green than are Ler 
plants, but otherwise flower at the same time, grow to the 
same height, and have the same fertility. The lack of a dra- 
matic phenotype is discussed further in our model for GA 
signal transduction, but there is no obvious compensation 
resulting in increased transcription of one "homolog" in the 
other mutant background; for example, GAI transcription is 
not affected in the rga mutant (Figure 7B). Therefore, if there 
is any compensation for the loss of one repressor, it would 
probably occur at the level of translational or post-transla- 
tional control. Moreover, we did not isolate any gai null mu- 
tants in our gal -3 suppressor mutant screens, even though 
we did isolate 27 alleles of rga and 10 alleles of spy (Silverstone 
et al., 1997b). If RGA and GAI have similar functions, we 
would expect gai null alleles to suppress partially some as- 
pects of the gal -3 phenotype, as rga does. Examination of 
the gai-t6 mutant in the gal-3 background and the gai-t6l 
rga double mutant in both the gal-3 and wild-type back- 
grounds is necessary to determine whether GAI has a simi- 
lar function as RGA. If there is any functional redundancy, 
then we would expect to see some additive effects in the 
double mutants. Because both proteins seem to be ubiqui- 
tous in plants, their activities may be modulated to achieve a 
fine-tuned response to GA in specific tissues. 

The point mutation in rga-2 (Asp-478 to Asn-478) is in the 
RVER domain at a highly conserved amino acid in all of the 
VHIID proteins. This amino acid is an Asp in all proteins ex- 
cept in VHS4 and VHS5 (both have a Glu residue at this po- 
sition), and this Asp residue is next to a highly conserved Phe 
residue (Figure 4C). Because rga-2 is as strong an allele as 
rga- 7, which is a nonsense mutation resulting in the C-termi- 
nal 67 amino acids being deleted, this Asp residue is likely 
to play a vital role in VHIID protein function. The three dele- 
tion mutants rga-20/gal -3. rga-241 gal-3, and rga-26/gal-3 
are all phenotypically similar to the other rgalgal-3 mutant 
alleles. Analysis of other point mutations in rga alleles may 
provide additional insights into important functional domains 
in the RGA protein and possibly in other VHIID proteins. 

Because RGA and GAI are closely related genes and nei- 
ther has any introns, they may have evolved by a duplication 
event. Because GAs are found in all seed plants and GA-like 
compounds are found in ferns and mosses, RGA and GAI 
are likely to be part of a conserved signal transduction path- 
way in plants. Because RGA {RGA1 and GRS) and GAI[RGA2j 
have been given different names by several groups, for clar- 
ity we propose that the names RGA and GAI be retained for 
these two genes because the mutant loci had been identi- 
fied and registered (http://mutant.lse.okstate.edu/genepage/ 
genepage.html) before the cloning of these genes. 
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Regulation of GA Biosynthesis by RGA 

Expression of a 3B-hydroxylase gene {GA4; Chiang et aL 
1995) is controlled by a feedback mechanism. Although 
GA4 expression was increased in the GA-deficient gal -3 
mutant, it was not detectable in the leaky gal -6 missense 
mutant that is able to germinate, is semidwarf in stature, and 
is fertile without GA application (Figure 8). This indicates that 
moderate levels of GAs are able to reduce GA4 expression. 
In the rgalgal-3 mutant, GA4 expression was repressed 
without exogenous GA treatment. Therefore, RGA seems to 
be involved in controlling both GA biosynthesis and GA re- 
sponse. Compared with the rgalgal-3 mutant, the spy/ gal -3 
mutant still exhibited a normal GA4 feedback inhibition 
response. 



Model of GA Signal Transduction 

With the cloning of RGA, SPY (Jacobsen et al., 1996). and 
GAI (Peng et al., 1997), we can present a revised model for 
GA signal transduction that combines the genetic and bio- 
chemical evidence. Our previous model of a branched GA 
signal transduction pathway was based solely on the ge- 
netic data (Sitverstone et al., 1997b). We had proposed that 
one branch is defined by SPY and GAI and the second 
branch by RGA. These two branches would converge to 
regulate a common set of developmental processes. The ini- 
tial cloning of SPVdid not provide much information about 
its function, aside from the presence of tetratricopeptide re- 
peats, which mediate protein-protein interactions and occur 
in a diverse range of proteins (Jacobsen et ah, 1996). 

However, several Ser (Thr)-O-GlcNAc transferases have 
been cloned recently, and they are homologous to SPY 
(Kreppel et al., 1997; Lubas et al., 1997). These glycosyl- 
transferases can modify proteins by glycosylation alone or 
by competing for phosphorylation sites. The sites that are 
modified typically are rich in Ser/Thr, and both RGA and GAI 
have such a region at their N termini. A second enzyme is 
required for removing the GlcNAc residue. This raises the 
possibility that SPY modifies RGA and/or GAI (Peng et al., 
1997). SPY could activate these two proteins by transferring 
a GlcNAc group onto them, and RGA and GAI would then 
repress genes involved in GA-mediated growth and devel- 
opment. In response to the GA signal, RGA and GAI would 
no longer have the GlcNAc group, either through competing 
phosphorylation or simply removal of the GfcNAc residue, 
and they would not be able to function as repressors. This 
would explain both the epistasis of the spy mutant to the gat 
mutant as well as the additive effects between the spy and 
rga mutants. Because they are not functionally redundant, 
there may be other interacting or modifying proteins that are 
specific to either RGA or GAI. Activity of these other regula- 
tors could explain why spy is not epistatic to rga. 

Peng et al. (1997) provide an elegant model for how GAI 
functions as a repressor that is turned off directly or indi- 



rectly by GAs, thereby allowing growth to occur. In the semi- 
dominant gai mutant, GAI would be constitutively active and 
unable to be inactivated, accounting for the dwarf, GA-defi- 
cient phenotype. However, because the gai/gal double mutant 
is an extreme dwarf and can be restored to gai semidwarf 
phenotype by GA application, it is not totally insensitive to 
GA (Koornneef et al., 1985). At present, the RGA and GAI 
homology does not differentiate between whether there are 
two branches of the signal transduction pathway, with each 
protein serving a similar role on its respective branch, or 
whether RGA and GAI actually interact to form a complex 
that regulates gene expression. In either case, GA would be 
required to relieve the repression on the pathway, and SPY 
may be modifying both proteins. 

In the gal -3 mutant, only a very low level of GA is present, 
and this is a much more sensitive background in which to 
observe G A- independent growth. By mutating rga, GA sig- 
naling is partially de-repressed, and GA- independent stem 
growth occurs. In the wild-type Ler plant, there is a higher 
amount of GA being produced to regulate stem growth. Un- 
der these conditions, RGA and GAI may be inactivated by 
GA directly or indirectly and would only partially repress GA 
signaling. This may be the reason that a null mutation in ei- 
ther RGA or GAI does not drastically change the phenotype 
in the wild-type GAI background. 

Biochemical studies need to be performed to determine if 
SPY modifies GAI and/or RGA and to identify other proteins 
that interact with RGA and GAI. In addition, examination of 
the genes regulated by RGA and GAI will shed light on the 
process of GA-mediated growth and development. 



METHODS 



Plant Materials 

Arabidopsis thaltana seeds were stratified for 3 days in the cold be- 
fore planting Because gal -3 and rgalgal-3 mutants require gibber- 
elltn (GA) treatment for germination, they were incubated with 100 
M.M GA 3 during stratification, and the seeds were rinsed thoroughly 
with water before planting. The plants were grown at 22°C under 16-hr- 
light/8-hr-dark cycles For wild-type and mutant seedlings, sterilized 
and stratified seeds were plated on medium with Murashige and 
Skoog (MS) salts (Murashige and Skoog, 1962) with or without 1 p.M 
GA 3 . After 10 days, whole seedlings were harvested for RNA extraction 

Isolation of Putative rga Deletion Mutants 

gal -3 mutant seeds (56,000) were subjected to fast-neutron (FN) 
bombardment (at the dose 60 Gy) by H. Brunner (Food and Agricul 
ture Organization/International Atomic Energy Agency Agriculture 
and Biotechnology Laboratory, Vienna, Austria) M n plants were 
grown in flats and allowed to self-pollinate; their seeds were col- 
lected in 30 separate pools. We screened 20,000 M 2 plants from 
each pool for mutants with the rgalgal-3 phenotype, as previously 
described (Silverstone et at, 1997b). Because in our previous screen 
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all of the plants with the rga/gal-3 phenotype were allelic, we as- 
sumed all our FN mutants with the same phenotype were also alleles 
of rga. Allelism tests were performed at the same time as the ge- 
nomic subtraction experiments Allelism was determined for rga-20 
through rga-27 by crossing the FN mutants with rga-2/gal-3. The Ft 
plants all had the rga/ gal -3 phenotype 



Identification of rga in the Wild-Type GA1 Background 

We backcrossed rga-2/ gal 3 to wild-type Landsberg erecta (Ler) 
plants. In the F 2 generation, there were no plants with a phenotype 
differing from Ler, gal -3, or rga/gal-3 Therefore, we had surmised 
that if the rga/GAl mutant had any phenotype, it would be subtle 
(Silverstone et al., 1997b). Among the F 2 progeny, we identified wild- 
type- looking plants that were heterozygous at the GA1 locus (GA1I 
gal -3) by using the polymerase chain reaction (PCR) markers de- 
scribed previously (Silverstone et at., 1997b) We then let these indi- 
viduals self and collected F 3 seeds from each plant individually The 
F 3 seeds from each individual were then treated with 100 |xM GA 3 for 
3 days at 4 C C and rinsed thoroughly with water before planting We 
could determine the genotype of the original F 2 plant at the RGA lo- 
cus by the following reasoning. If an F 2 plant was homozygous for 
RGA, all of the plants homozygous for gal -3 in the F 3 generation 
would look like gal -3. If an F 2 individual was heterozygous for RGAJ 
rga-2, then one quarter of the F 3 plants homozygous for ga 1-3 would 
look like (gal gal -3 and the rest would look like gal 3 If an F 2 plant 
was homozygous for rga-2lrga-2, then all of the plants homozygous 
for gal -3 would be rga/gal-3. Among the F 3 progeny of an F 2 plant 
homozygous for rga-2, we identified plants by PCR analysis that 
were also homozygous for GA 1. 



Mapping the RGA Locus 

From our sequencing data, we found that there was an Rsal restric- 
tion endonuclease site polymorphic between Ler and Columbia (Col-0) 
in the RGA locus (Col-0 at 1759 bp |GTAC. Rsal site], Ler [GCAC]). 
Genomic DNA from 30 independent recombinant inbred lines (Lister 
and Dean, 1993) was amplified using two flanking primers 204 (5'- 
GT TTAAGCAAGCGAGTATGC 3 ) and 211 (5 '-TTCGATTCAGTT- 
CGGTTTAG-3'), digested with Rsal. and then fractionated by elec- 
trophoresis using a 2.5% agarose gel Each line was then scored for 
whether the RGA allele was Ler (a 263-bp fragment) or Col-0 (143- 
and 120-bp fragments) The data were submitted to the NASC web 
site (http://nasc.nott ac.uk/). and RGA was mapped to the very top 
of chromosome 2 close to the telomere (LOD 2 9; log- likelihood = 
-180 28). 



Genomic Subtraction 

Genomic subtraction was performed in parallel for rga-181 gal -3 
through rga-21/gaT -3 mutants, according to the protocol of Sun et 
al. (1992a, 1992b), with modifications as noted. The gal-3 mutant 
seedlings grown in sterile MS plates for 2 weeks were used to isolate 
genomic DNA for subtraction Plant genomic DNA was purified using 
a QIAGEN (Valencia, CA) column instead of a CsCf gradient, using a 
procedure including hexadecyltrimethylammonium bromide and 
chloroform extraction, as recommended by QIAGEN, with slight 



modification We used 3 and 10 g of Arabidopsis tissues for QIAGEN 
genomic- tip 100/G and 500/G columns, respectively. The DNA was 
eluted from the column with QF buffer (QIAGEN) preheated to 70°C 
Photoactivatable biotin was purchased from Pierce (29987G; Rock- 
ford, 1L). Four sets of subtractive hybridization reactions, each of 
which contained one of the four putative deletion rga/gal-3 mutant 
DNAs and the gal-3 DNA. were performed. After the fifth cycle of 
subtraction, the remaining DNA fragments were ligated with Sau3A 
adapters, amplified by PCR, and cloned into the Smal site of pBlue- 
script SK+ (Stratagene. La Jolla, CA), as described previously (Sun 
et al., 1992a). Insert DNA of individual clones was amplified using a 
primer corresponding to the Sau3A adapters, radiolabeled, and used 
as hybridization probes for DNA blot analyses Small genomic DNA 
gel blots containing Hindlll-digested DNA isolated from gal-3 and 
one of the rga/gal-3 mutants were used for initial screening of puta- 
tive clones. 



Isolation of RGA Genomic and cDNA Clones 

Initially, a pOCA18 Col-0 genomic library (Olszewski et al.. 1988) was 
screened with the 32 P labeled random- primed PCR fragment from 
pRGI , and two overlapping genomic clones were identified as pRG2 
and pRG3. A 2-kb Hindlll fragment from pRG3 was cloned into the 
Hindlll site of pBluescript SK + to make plasmid pRG13. To generate 
additional overlapping genomic clones spanning the deletions, the 
32 P-labeled random-primed 2-kb Hindlll fragment from pRG13 was 
used to probe a XGEM-11 Col-0 genomic library. An additional three 
overlapping genomic X clones were identified as \RG1, XRG2, and 
XRG3 

A cDNA that corresponds to the deleted region was found by 
screening the XPRL2 cDNA library obtained from the Arabidopsis 
Biological Resource Center (Ohio State University. Columbus, OH) 
with the 32 P- labeled random primed 2-kb Hindlll fragment from 
pRG13. Four clones were isolated. The plasmids were excised from 
the phage DNA. according to the protocol supplied (Gibco BRL), by 
plating phage with DH10B cells on an LB plate with 100 fxg/mL of 
ampicillin and 10 mM MgCI 2 . Restriction digestion analyses indi- 
cated that two clones contained a 2 3-kb cDNA insert, and two oth- 
ers contained truncated cDNAs that are part of the 2. 3-kb cDNA. The 
cDNA clone containing the 2. 3-kb insert was designated pRG20 
(pZL1 with a 2 3-kb insert cloned at the Sall-Notl sites). 



DNA Sequence Analysis 

DNA sequencing was performed using a Perkin- Elmer dye terminator 
cycle system with an ABI (Foster City, CA) 377 PRISM DNA se- 
quencer. Subcloned fragments from pRG20 and XRG2 were used as 
templates to conduct sequence analyses to determine the RGA 
cDNA and genomic sequence for both strands. Fragments of the 
RGA gene were amplified by PCR from genomic DNA isolated from 
Ler and the rgaligal-3 and rga-2/gal 3 mutants to identify point 
mutations in the rga-1 and rga 2 alleles. PCR primers and/or internal 
primers were used for sequencing reactions. DNA sequence analy- 
ses were repeated to confirm the point mutations, using template 
DNA generated by an independent PCR reaction Primary sequence 
analysis was performed with MacVector v3.0 (Oxford Molecular. 
Campbell, CA) Homology searches were performed in the GenBank 
database, using the BLAST program (Altschul et al , 1990) Align- 
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ments were made using the Pileup program in the Genetics Com- 
puter Group (Madison, Wl) package of programs 



DNA. pRTL2ANmGFPS65T, or pRG34F The cells were viewed using 
a Leica (Heerbrugg, Switzerland) DMRB microscope equipped with a 
fluorescence module. 



DNA and RNA Gel Blot Analyses 

Genomic DNA was isolated from 2-week old Ler, rga/gal-3, and 
gal -3 seedlings grown on MS plates, and the mutants in the gal -3 
background had 1 ^M GA 3 included in the plates The DNA was pu- 
rified on QIAGEN columns, using the protocol described earlier. 

One microgram of Hindlll-digested genomic DNA was fractionated 
on 0.8% agarose gels, transferred to GeneScreen membranes 
(Du Pont-New England Nuclear), and hybridized with gel-purified 
32 P-labeled DNA fragments (Ausubel et at.. 1990). 

Total RNA was isolated from different Arabidopsis tissues (Ausubel 
et al.. 1990; Lashbrook et at . 1994, Silverstone et at., 1997a), and 10 
p.g of total RNA was treated with glyoxal, fractionated on a 1% aga- 
rose gel, transferred to GeneScreen membranes (Sambrook et al., 
1989), and hybridized with a random-primed 32 P labeled 2.3-kb Sall- 
BamHI fragment from pRG20 (Church and Gilbert, 1984) To avoid 
cross- hybridization between PGA and RGA2{GAt), hybridization was 
performed at 65°C, using the buffer described in Church and Gilbert 
(1984), and the filters were washed under high- stringency conditions 
of 2 x SSC (1 x SSC is 0.15 M NaCI. 0 015 M sodium citrate) and 
1% SDS at 65X followed by 0 2 x SSC and 0.1% SDS at 65°C for 
30 min and 0.1 x SSC at room temperature. After autoradiography, 
filters were stripped and reprobed with the 32 P-labeled 0 8-kb EcoRI 
fragment from the cyclophilin gene as a loading control (Lippuner et 
al, 1994) The RGA 2 probe for the RNA blot was made by amplifying 
Ler genomic DNA with primers 300 (5 '-CTAGATCCGACATTG- 
AAGGA-3') and 201 (5'-CAGCTAAGCATCCGATTTGC-3 ), which 
specifically amplified a 652-bp fragment from RGA2 (Truong et al., 
1997). Primer 300 has an eight-base mismatch with RGA, including 
the three nucleotides at the 3' end. Primer 201 sequence is identical 
to RGA and has only a single base mismatch with RGA2. If these 
primers had also amplified a fragment from RGA. there would have 
been an additional 801 -bp band. The GA4 probe was made by ran- 
dom-prime labeling the 1 4-kb EcoRI fragment of the GA4 cDNA 
cloned into pBluescript SK+ The RNA and DNA blots were exposed 
to a Storage Phosphor Screen (Molecular Dynamics, Sunnyvale, CA) 
and quantitated on a Phosphorlmager (model 400E; Molecular Dy 
namics), using Imagequant v4.1 software. 



Transient Expression of the GFP-RGA Fusion Protein 
in Onion Epidermal Cells 

The RGA cDNA from pRG20 was amplified using primers 216 (5'- 
AACC AGATCT ATGAAGAGAGATCATCACCA-3'; BGIII site under- 
lined) and 217 (5' ATTA AGATCT TCAGTACGCCGCCGTCGAGA-3', 
BGIII site underlined) and the Expand High Fidelity system (Boeh- 
ringer Mannheim) to generate a Bglll site at both the 5' and 3' ends of 
the RGA cDNA. This PCR DNA was digested with Bglll and ligated 
with Bglll-digested pRTL2ANmGFPS65T to create pRG34F, which 
contains GFP-RGA in-frame fusion under the control of the cauli- 
flower mosaic virus (CaMV) 35S promoter. This GFP-RGA fusion en- 
codes a fusion protein with GFP at the N- terminal portion and RGA at 
the C-terminal portion The onion epidermal layers were prepared 
and bombarded, as previously described (Varagona et al., 1992), 
with tungsten particles (Bio-Rad) coated with the control plasmid 
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